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EXECUTIVE SUMMARY

To develop improved source-receptor relationships and for better understanding the causes of high

PM,, 5 concentrations in the atmaosphere, it is necessary to not only determine concentrations of PM,, 5
meass, the NAAQS indicator, but aso the chemica components of PM,, s. A sampling program of this
type, which will congst of up to 300 sites nationwide has been initiated by EPA (Speciation Guidance
Document, 1999 at hitp://mww.epa.gov/ttn/amtic/pmspec.html). Since the PM, 5 Federal Reference
Method (FRM) using only Teflon filtersis not suitable for determining the chemical compostion of the
collected aerosol, since carbon can not be directly measured (Speciation Guidance Document, 1999),
EPA solicited innovative designs for speciation samplers, based on performance specifications. This
led to the development of three dightly different candidate samplers manufactured by Andersen
Instrument Inc., MetOne, Inc., and University Research Glassware (URG). These samplers are
designed to dlow for anearly complete mass baance of the collected aerosol, while minimizing
sampling artifects for nitrate and alowing flexibility for minimizing organic carbon atifactsin the future,
Due to the need to have consstency across this nationa network, the Speciation Expert Pandl
(Recommendations of the 1998 Expert Pand, 1998 at http://mww.epagov/ttn/amtic/ pmspec. html)
recommended a methods comparison field study among the new speciation samplers, historicaly used
samplers, and the PM, s FRM. The program plan for EPA’s Chemical Speciation Sampler Evauation
Study (1999, http://www.epa. gov/ttn/amtic/casacinf.html) details the gpproach and implementation of
the study. This report presents the approach and results from the 4-City intercomparison study; Phase
1, of the full evauation of these samplers. Other Phases are described in Field Program Plan (1999)
and include evauation of denuders and reactive podt filters for sampling organic aerosols with minimal
atifacts (Phase 11, Sedttle, WA, J. Lewtas, P1), an evauation of the chemica speciation samplers under
summertime conditions (Phase I1, Atlanta, GA in conjunction with the Atlanta Supersites Program, P.
Solomon, PI), and an evduation of the samplers under avariety of environmenta conditions to test
operationa performance and logistics with the National Chemical Speciation Laboratory (Phase 1V, 15
Cities throughout the US (Mini-trends network, J. Homolya, PI).

Methods. Because of potentid sampling artifacts when using filters and potentid differencesin inlet
cutpoints and sample fractionators, the chemica speciation samplers must be able to properly
determine the chemical components of PM,, 5 under avariety of atmospheric and environmenta
conditions. Four locations, with different atmospheric chemica and meteorologica conditions were
chosen and included: Rubidoux, CA (high nitrate and carbon and low sulfate), Phoenix, AZ (high
crustal materia and moderate carbon and nitrate), Philadelphia, PA (high sulfate, moderate carbon, and
low nitrate), and Research Triangle Park (RTP), NC (low PM,, 5 concentrations). The latter Ste dso
alowed for a more thorough evauation of the samplers in-fidld operationd performance as it was
located near EPA officesin RTP. In addition to the three candidate samplers, a Versatile Air Pollution
Sampler (VAPS), an IMPROVE sampler, and an FRM were collocated at each site. Replicate
samplers were located at Rubidoux. Samples were collected for up to 20 days during January and
February, 1999 using state personnel (Rubidoux and Phoenix) or EPA contractors (Philadelphia and
RTP). All sampling periods were 24-hrsin duration. Mass and trace € ements were determined on
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Teflon filters, sulfate, nitrate, and ammonium were determined on ether Teflon, pre-fired quartz-fiber,
or nylon filters depending on the sampler; and OC/EC were determined on pre-fired quartz-fiber filters.
To minimize variahility, dl filter preparation, filter changing, and chemicd andyses for a particular
species were performed by one contractor. Quadlity assurance/quaity control followed EPA guidelines
(QAPP for the Four-City PM, s Chemica Speciation Sampler Evduation Study, January, 1999
Research Triangle Ingtitute, Project Number 07263-030).

Results. All samplers encountered operationa problems that increased variability in the results;
however, the Andersen and MetOne samplers collected over 90% of the attempted samples on asite-
by-site basis successfully, while the URG and Versatile Air Pollution Sampler (VAPS) collected greater
then 75% of the samples attempted on a Ste-by-gte basis. Most manufacturers have resolved
operationa issues. Other minor engineering changes were made to two of the samplers after the study,
to dlow for eaesier operation inthefidd. A fundamenta problem was noted early on with the MetOne
spird inlet, which was dlowing particles gregter then 2.5 Fm to penetrate the inlet. The spird inlet has
been replaced with a sharp cut cyclone.

Chemica compostion of the aerosols a each Site were within expectations with the exception of high
nitrate and OC in Philadel phia, where nitrate and sulfate both were about 20% of the total PM, ; mass
and OC was about 50%. Results from most studiesin the eestern US indicate that sulfate is the highest
gpecies (~50% of the mass), followed by OC at about 30% of the mass, with nitrate accounting for less
than 5% or so of the mass. However, most previous studies have occurred during the summertime,
when temperatures are high and ammonium nitrate would be mostly in the gas phase. Findly, coarse
particle concentrations were highest in Phoenix and Rubidoux (about equd to the fine particle mass)

and only about 20% or lessrdative to the fine particle mass at Philadelphiaand RTP, as expected.
Therefore, this study met its objective of testing the chemica speciation samplers under afairly wide
range of chemica conditions.

Means, time series, and regression analyses were performed for al species measured, dlowing
comparison among the samplersfor agiven variable at agiven Ste. On the average, the mgjor species
agreed within 10-15% among the FRM, Andersen, and Improve samplers. Sulfate had even better
agreement, which was observed across dl samplers. The MetOne and VAPS samplers tended to be
high for species that normally have a coarse particle component (i.e, mass, S, Fe, Ca, etc.). In generd,
individua species from dl samplerstracked each other, with the mgority of corrdation coefficients (r)
being greater then 0.85. A few exceptions were noted. More variability was observed for trace
eements (S, K, Ca, Fe, Cu, Zn, Pb, and As).

Differences, on the order of up to 1 pug/m?® on the average were observed among the samplers for
particle nitrate due to a possible postive artifact associated with determining nitrate on pre-fired quartz-
fiber filters, which usudly is not observed with quartz-fiber filters that have not been pre-treated (Chow,
1995 JAWMA 45, 320). The quartz-fiber filter was used due to concerns regarding loss of nitrate
during vacuum XRF andysis (i.e., XRF hasto be performed before the filter is extracted for ions
andyss). Tests comparing nitrate concentrations measured on Teflon filters, collected in pardld, with
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and without having vacuum XRF andysis indicated loss of up to 40% of the nitrate, assumed to be
ammonium nitrate. An additiona bias for collecting particul ate nitrate was observed due to the method
of collecting particulate nitrate, where nitrate concentrations determined by the direct method (nitrate
measured directly on afilter behind a denuder) were up to 1.5 pg/m?® lower than nitrate concentrations
measured by the indirect method (nitrate measured on a quartz-fiber filter behind a denuder and Teflon
filter plus nitrate measured on a quartz-fiber filter in paradld).

Differences adso were observed among the samplers for organic carbon and appear to be due to filter
face velocity variations among the samplers. Lower flow rates appear to result in higher OC
concentrations, although EC is consstent among the samplers. A postive artifact was aso noted for
OC and ranged from about 3.5 pg/nt at Rubidoux to essentiadly zero at RTP. Based on the design of
the study, no information can be implied about OC negative artifacts, but the assumption has been made
in the above discussion that negative artifacts for OC are smilar between Teflon and quartz-fiber filters
operating a the same face velocity.

Differences were observed between EC values reported the IMPROVE OC/EC protocol versus the
NIOSH protocol. The IMPROVE protocol reported EC vaues approximately 2 times higher then the
NIOSH method. These differences are currently under investigation.

Ammonium ion as measured by the IMPROV E sampler was on average lower than on the other
samplers, even though a smilar bias was not observed for nitrate or sulfate. It is postulated that
ammonium is being logt due to volatilization of the ammonium nitrate that is collected on the nylon filter in
the IMPROVE sampler. While nitric acid volatilized from the collected ammonium nitrate would be
collected by the basic (pH) nylon filter, anmonia would not be collected. 1t dso is possble that the
basc filter is enhancing ammonium volatilization. More careful experiments need to be conducted to
establish if this potentid biasis sgnificant or not.

Conclusions. In generd, the performance of the candidate samplersis reasonable for ther first usein
thefidd. All samplers had operationa problems that increased their variability, most of which have been
addressed by the manufactures. Tradeoffs exist among the samplers for ease of use, flexibility for
sampling, and cost. Performance of the samplers was excellent for sulfate and reasonable for other
stable species. However, red differences among the samplers exist for nitrate and organic carbon and
possibly ammonium as collected in the IMPROVE sampler. These differences are sgnificant and can
possibly affect desgn of compliance strategies for controlling PM., 5 mass concentrationsin air, as total
differences as high as 3-5 pg/m?® are observed among the samplers for these two species. Results from
this study yield the following recommendations for the collection of nitrate and organic carbon:

. The Teflon filter used for mass and XRF andysis should not be used for ions andlys's,
particularly nitrate and ammonium ions, as these species are lost during XRF andysis.
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To minimize artifacts for the collection of aerosol nitrate, it should be measured using a denuder
(coated with MgO or Na2CO3) followed by a singlefilter (Nylasorb or Ng,CO;). Measuring
nitrate on a quartz-fiber filter prepared for carbon andysis can results in adgnificant (1-3 pg/m3)
positive artifact for aerosol nitrate, after accounting for volatilized nitrate measured on anylon
filter behind a denuder and Teflon filter.

Organic carbon should be measured at the same face velocity as the Federal Reference
Method. Thiswill result in Smilar negative biases between OC measured on a quartz-fiber filter
and that of a Teflon filter. Positive biases were observed on the quartz-fiber filter collecting
aerosol directly behind a PM,, 5 inlet relative OC measured behind the sameinlet that is followed
by an XAD-4 coated annular denuder. It is recommended that the speciation network
eventualy congder use of an XAD-4 denuder or smilar denuder for removing potentid gas
phase artifacts followed by a quartz-fiber filter and a reactive backup filter to obtain OC with
minima bias
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INTRODUCTION

On July 18, 1997, the U.S. EPA promulgated anew NAAQS for particulate matter (PM) in 40 CFR
Parts 50, 53, and 58, Federal Register (EPA 1997a; EPA 1997b). In addition to dightly revising the
previous PM,, standard, EPA added a new standard for fine particles less than 2.5 nm in aerodynamic
diameter, known as PM, 5. To develop meaningful relationships between PM, 5 levels at receptors and
source emissions and for better understanding the causes of high PM,, 5 concentrations, in particular
secondary components formed in the atmaosphere through chemica reactions and condensation, it is
necessary not only to sample for PM,, s mass, the NAAQS indicator, but also for the chemica
components of PM, 5. A sampling program of this type has been initiated by EPA (EPA 1999
Guidance Document) that will congst of up to 300 Sites a which the mgor chemica components of
PM,, s will be measured in the collected aerosol. Since information from this network will be used for
the identification of sources contributing to high PM,, s mass concentrations, devel opment and evaluation
of control strategies, measurement of trends, and support of health studies, it isimportant that there be
nationa consstency in the species concentrations measured by the PM,, 5 speciation network. In
particular, 54 of these PM,, 5 chemical speciation Stes will become part of the Nationa Air Sampling
Stations (NAMYS) network and will provide nationally consstent data for assessment of trends (EPA
1997b).

Development of chemica speciation samplersfor the National PM,, s Sampler Procurement Contract
(Nationd Sampler Contract) was based on performance, rather than design criteria. This has allowed
innovation in the development of these samplers and has resulted in the development of three dightly
different samplers for meeting the specified performance criteria Also asaresult of this gpproach, a
guidance document on chemica speciation of particulate matter has been prepared by EPA (EPA,
1999) and reviewed by an externa peer-review pand (Speciation Expert Pandl; Koutrakis, 1998). In
ther first review, the expert pand recommended an intercomparison among the chemica speciation
samplers. Theintercomparison aso should include other historically accepted samplers (eg., the
improved IMPROVE sampler, the Harvard Sampler, or some other sampler) and the PM,, 5 Federal
Reference Method (FRM). The chemica species to be determined should include those recommended
by the expert pand (Koutrakis, 1998) and as specified in the guidance document for chemical speciation
(EPA, 1999). The program plan for EPA’s Chemica Speciation Sampler Evduation Study (Solomon
et d. 1998) outlines the gpproach and details the implementation of the intercomparison study to
perform an initid evauation of the chemica speciation samplers developed in response to the Nationa
Sampler Contract and severad other samplers devel oped earlier and independently of the EPA nationa

program.

About this Report

This draft final report provides results from EPA’s Chemica Speciation Sampler Evauation Study (4
City Study). The data presented in this report have been validated through Level 2b, that is, the data
have undergone multi-variate Satistica andyzes for consgstency and known physica relationships and
interpretive data analysis (NARSTO 1999). Part | of this report outlines the study, provides a
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summary of the samplers and the chemicd andysis methods, and outlines the mgor questions and
hypotheses to be addressed by thisevauation. Part |l presentsthe results. First, quaity assurance
results are summarized, including operations and maintenance and systems and performance audit results
followed by a summary of the chemical characteristics observed at each location. Next, results are
presented from the Satistical evauations of the data, including time series analys's, regresson andys's,
difference analyss, T-test, and Anadlysis of Variance. In the Discussion Section, each hypothesis noted
in the program plan, and Part | of this document is addressed to the extent possible and within the
limitations of the sudy design. Ladtly, an overdl summary is provided.

Study Objectives

The objective of this sampler intercomparison study is to determineif there are differences among the
three PM,, 5 chemical speciation samplers developed in response to the National Sampler Contract and
how these samplers compare relative to other historica samplers, and to the FRM. While the FRM is
the “gold” standard for mass, there are no such standards for the chemica components of PM, 5. Thus,
this intercomparison only establishes the relative equivaence of the samplers to each other on a species
by speciesbasis. For semi-voldtile species (those in dynamic equilibrium between the gas and particle
phases; eg., for anmonium nitrate), the FRM using Teflon filters provides only alower limit on the
expected mass loading, since there is potentid for loss of nitrate and semi-volatile organic species
(SVOC) from the inert Teflon filters. For stable species, the FRM should provide an accurate estimate
of the mass loading for those species. Chemica speciation samplers used historically [eg., the Versdatile
Air Pollution Sampler (VAPS) developed under an EPA contract, the Catech gray box sampler
(Solomon et al., 1989), or the South Coast Air Quality Management Didtrict’s PM; Technica
Enhancement Program (PTEP) sampler (SCAQMD, 1996) should provide a less biased vadue for semi-
volatile species (i.e., anmonium nitrate) and provide an additiona set of samples for comparison;
however, they sill can only be compared on equivaent bases.

Overview of the Intercomparison

Coallecting atimaospheric particulate matter usng the FRM with Teflon filters can result in negative
sampling artifacts associated with the collected sample. Potentid artifacts include the loss of volatile
species, such as ammonium nitrate (Solomon et d., 1988, Hering et d., 1988; Hering and Cass 1999)
and semi-volatile organic compounds (Cui et d., 1997; Eatough et d. 1995). Use of other filter media
also may result in negative or positive sampling artifacts. The magnitude of these potentid artifacts
depends upon the atmaospheric concentration of the species being affected, the temperature, relative
humidity, and other variables (e.g., for nitrate, Russell and Cass, 1986; Hering and Cass, 1999). The
chemica speciation samplers developed for National Sampler Contract have been designed to minimize
these potentia biases or artifacts by the use of diffusion denuders to remove gas phase species and
reactive substrates to collect speciesthat may volatilize during or after sampling from the inert filter (e.g.,
Teflon membrane) where the aerosol is collected. Therefore, to evauate the performance of these
chemica speciation samplers they must be able to properly determine the chemica components of

PM, s under avariety of atmospheric conditions, each of which will place different stresses on the
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performance of the sampler designs. For this study, this was accomplished by sampling at different
locations throughout the country, Since the composition of the aimaospheric aerosol is not uniform across
the country (Pace, 1998). For example, some areas have high nitrate and low sulfate levels (Los
Angees, CA: Solomon et d., 1989), while others (e.g., the eastern part of the United States) have
relatively high sulfate and low nitrate levels (Hidy 1994, Pace, 1998). Still, other areas are dominated
by aerosol rich in organic compounds derived from automobile exhaust (Los Angdles, CA: Schauer,
1996) , by organic aerosol derived from wood smoke combustion (Fresno, CA: Schauer, 1998), or
from by organic aerosol derived from natura biogenic emissons (e.g., Southeast US). Some areas of
the country are highly influenced by crustd materid (e.g., Southwest US. Pace 1998; Eldred et dl.
19983). In actudity, severd of these conditions exist Smultaneoudy, with one or two components being
higher then the others (Pace 1998; Eldred, 1998a, Solomon et al. 1989).

A variety of amaospheric chemica conditionsaso may be observed a onelocation during different seasons
(Pace, 1998). For example, sulfate is likely highest in the east during the summer when photochemidtry is
high, while nitrate is highest in the west in the winter when cool temperatures drive the ammonium nitrate
eguilibrium with nitric acid and ammonia to the aerosol phase. However, due to the need to have results
by mid-1999, the study was conducted over about an eight week period at four different locationsto obtain
as wide a difference in chemicd amospheres as possble. These congraints, however, resulted in
limitations, and follow-on studies will have to occur to fully test the equivaency of these samplers under a
wider variety of conditions. For example, by sampling in the winter in the east, we missed the highest sulfate
concentrations which occur in the summer (Hidy, 1994), we did not sampling a a Ste with high wood
smoke emissons, we sampled in Phoenix for crustal materia in the winter when the highest crustal
concentrations are likely to be observed in the hot dry summers, and the samplers did not experience
extreme cold temperatures as might be expected in the northern mid-west or hot humid summers as
experienced during the summer in the eadt.

Dueto time and resource limitations, sampler evauation is being conducted in four phases. Phasel is
centered on sampling in areas with the following atmospheric conditions: high sulfate and low nitrate
(east coast US), high nitrate and low sulfate (Cdifornia), and high crusta materid (Phoenix, AZ). The
fourth Steislocated near ORD headquartersin Research Triangle Park to alow for a more thorough
evauation of the samplers and their in-field operationa performance. Phase Il istaking placein Seditle,
WA from March-duly, 1999 and is evauating the efficiency and capacity of organic diffuson denuders
and reactive back-up sorbents, including ones not currently planned for the chemica speciation
samplers. Phase |11 is an extensive comparison of the same speciation samplers used in the 4 City
Study, aswell as severd others that have been developed at universties. Comparisonsin Phase Il dso
will be made to a number of species specific continuous methods for the major components of PM., 5.
Phase IV isaten city study where the sites will have at least 2 speciation samplers and be operated by
the States.

The time schedule for Phase | of the study dictated that we sample more frequently than every 6™ day,
asthe results are needed by OAQPS by mid-June, 1999 for input into the decision process for choosing
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chemica speciaion samplersfor the Nationd Air Monitoring Stations (NAMS) TRENDS network.
Therefore, samples were collected every-other-day. The statistical design required aminimum of 10-15
samples. To ensure that a sufficient number of samples were collected to meet that objective, 20
sampling periods were attempted. Samples were analyzed for the mgor chemical components using
standard andytica techniques as described below and recommended by the expert pand that reviewed
the guidance document (Koutrakis, 1998). Data analysis provided arobust test of the equivalency of
the samplers sudied and, within the limitations of the study, reasons for differences among the methods
tested.

Phase 11 involves sampling in Seeitle, WA with afocus on understanding the collection of organic
materia (aerosol OC and semi-volatile organic compounds) under wood smoke conditionsin a manner
that will minimize negative and positive sampling artifacts for organic species. These sysemsinclude a
denuder to remove semi-volatile organic compounds that are in the gas phase and may be collected by
the downstream quartz fiber filter, followed by areactive sorbents (denuder, PUF, or impregnated
filter). The evauation includes determining capacity, efficiency, and comparability of two denuder
systems and an evaluation of the sorbents located behind the quartz fiber filter. Thefirst system uses
XAD-4 coated onto annular denuders as was proposed for use in two of the chemical speciation
samplers procured through the Nationa Sampler Contract (University Research Glassware and
Andersen Instruments). The second system uses a multi-channel paralle plate denuder composed of
carbon impregnated filters (CIF) (Eatough et d., 1993). Both denuders are followed by quartz fiber
filters which are then followed ether by second XAD-4 coated denuder, an CIF filter, an XAD-4
impregnated Whatman filter, PUF cartridge, or an XAD-4-sorbent bed. XAD-4, PUF cartridges, and
quartz fiber filters can be extracted and individua species can be determined to obtain a mass balance
between the SVOC, aerosol organic species collected on the quartz fiber filter, and the SYOC
volatilized from the quartz fiber filter and collected on the reactive back-up medium, on a species-by-
speciesbasis. The CIF filter can be andlyzed for organic carbon using therma desorption.

Phase 111 will involve sampling in Atlanta, GA where biogenic VOC emissions are known to be high in
the summer (Chameides et d. 1988). The Atlanta intercomparison is an integra part of the EPA
Supersites Program (EPA 1998). The same set of chemica speciation monitors will be operated in
Atlanta as were operated in the 4 City Study. In addition, severa other speciation samplers are
included in the intercomparison aong with the potentia for comparisons to a number of gpecies specific
continuous methods for sulfate, nitrate, ammonium, trace dements (Na - Pb), organic carbon, and
elementa carbon. Details of the Atlanta study are described in Hering (1999).

Phase 1V, the Ten City Study is dill in planning. It is anticipated, that each site will have & least two
different chemica speciation samplers, operate on a1l in 3 day schedule from about October 1999
through March 2000, and have chemica analys's performed in the nationa |aboratories established to
support the chemica speciation sampling network. The god of this sudy isto evauate the samplers
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under more severe extremes of temperature, as well as higher crustd materia and wood smoke
loadings.

Study Design

The design of this program is congtrained by limitationsin the time frame dlowed for the experiment and
in resources available to complete the program (e.g., number of samplers, personnd, and funding).
However, the satisticdl design was prepared understanding these limitations and the design chosen
provides arobust evauation of the samplers relative to each other, to several samplers used historicaly
to obtain Smilar data, and to the FRM. The overdl design is detailed below.

Statistical Design

The primary objective of this siudy isto determine if there are differencesin the measured
concentrations of the chemica components of PM,, s mass as determined by the three PM,, 5 chemicd
speciation samplers available on the Nationa Sampler Contract . Comparisons dso will be made to
two historica samplers and to the FRM using these samplers as arelative reference. A secondary
objective of this sudy isto evauate the operationa performance or practicaity of the samplersin the
fidd, that is, reliability, ruggedness, ease of use, and maintenance requirements.

There are three mgjor scientific hypotheses to be addressed by this intercomparison study.
< Oneis associated with recongtructing the FRM mass.

< The second is associated with comparing the measured chemica concentrations among
the various speciation samplers, which congsts of two parts.

! Thefirgt part is associated with examining differences among the samplers,
without regard to why there are differences, if they exis.

The second part examines why there are differences, if they exis. Some are
expected due to the dightly different methods employed.

< A third st of hypothesesis given dedling with the potentid affect of different andytical
methods on measured concentrations of the chemica components of PM,, 5. These
include the effect of vacuum X-ray fluorescence (XRF) or atmospheric pressure XRF
on nitrate concentrations measured on Teflon filters and the effect of thermd optical
reflectance (TOR) vs. thermd opticd transmittance (TOT) on the determination of
organic and elementd carbon (OC/EC) concentrations from pre-baked quartz fiber
filters

The first two hypotheses are predicated on the assumption that the cutpoints (50% collection efficiency)
for the samplers used in this study have essentidly the dope and 50% cutpoint. Thisisarequired
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assumption to address these hypotheses. Alsp, it isimportant to establish the precision of the
ingruments, which was obtained by collocating samples a one site (Rubidoux, CA). Whilethis
provides only alimited assessment of the precison, it provides afirst cut estimate of the precison for the
datistica anayses performed to understand the data. If for example, the precision is estimated at 50%,
then determining differences anong samplersis not asinformative asif the precison were 10-15%. As
abenchmark, the coefficient of variation for the differences in concentrations from collocated FRM
instruments is required to be less than 10%, according to 40 CFR Part 58, Appendix A. Depending on
the species, we anticipate arange of precison from less than 10% to about 30%.

A detailed ligt of hypothesesis given in the Statisticd Anaysis section.
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EXPERIMENTAL

Sampler Typesand Rationale

Chemical speciation samplers have been developed and built by three different manufacturers under the
National Sampler Contract procurement. The need for PM,, 5 chemica speciaion monitoring is
described under 40 CFR, Parts 53 and 58 (EPA 1997). The three samplers are the Reference Ambient
Air Sampler (RAAYS) developed by Andersen Instruments Incorporated (Andersen), Mass Aerosol
Speciation Sampler (MASS) developed by University Research Glassware Corporation (URG), and
Spird Ambient Speciation Sampler (SASS) developed by Met One Instruments (MetOne). The
externa peer-review committee (Koutrakis, 1998) recommended comparison of these samplers under
fied conditions in different areas of the country and different seasons. They aso recommended
comparison to samplers used previoudy that have been accepted historicaly as providing data of known
uncertainty, and to the FRM.

Hisgtorica methods included in this sudy were the Nationd Park Services IMPROVE (Interagency
Monitoring of Protected Visud Environments) sampler modified to include 47 mm filters as suggested by
the expert review pand (Koutrakis, 1998), the Versatile Air Pollution Sampler (VAPS)(URG
Corporation; four available), and the PTEP sampler (SCAQMD, 1996) operated by the South Coast
Air Qudity Management Didtrict (SCAQMD) at their Rubidoux, CA ste. These samplers are well
characterized for collecting relatively unbiased samples suitable for chemical andyss of mgor PM
compostion.

Two FRM samplers were operated at each Site to dlow for chemica characterization of the collected
sample smilar to that being obtained by the chemical speciation samplers. One FRM collects agrosol
samples on Teflon filters for mass and trace dements (Na - Po), while the other FRM used quartz-fiber
filtersfor determination of ions (SO,~, NO5, and NH,"), OC, and EC.

The FRM should provide a suitable reference for stable species, such as many of the trace metals and
aulfate. The historical samplers should provide areference for labile compounds (nitrate ion and semi-
volatile organic compounds [SVOC]) as they used diffusion denuders and reactive backup filters, smilar
to the chemica speciaion samplers, thus minimizing the potentia gain or loss of these species when
using only Teflon or quartz fiber filters. The IMPROVE sampler should provide nearly artifact free data
for nitrate, while the VAPS should provide nearly artifact free data for nitrate and organic carbon.
During Phase [, only the VAPS used a denuder for removing gas-phase semi-volatile organic
compounds (referred to here after as an organic denuder), asthere is currently considerable uncertainty
in usng organic denuders as well as the desire to |eave research oriented approaches to more careful
examination. Collection of organic carbon usng denuders and reective collection mediais addressed in
Phase |l activities.

Both the VAPS and the IMPROV E samplers have been used and evauated in numerous studies over
the last decade, and thus, provide a reference to many other databases (Shaiba et . 1997;
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Sommerville et d. 1994; Stevens et d., 1993; Pinto et d. 1998; Mathai et a. 1990; Cahill, 1993). The
PTEP sampler, only operated a Rubidoux, also fallsinto this category asit has been used for nearly a
decade by the South Coast Air Quaity Management Didrict (SCAQMD) in southern Cdlifornia
(Tefferaet d., 1996; SCAQMD, 1996). The PTEP sampler also uses methods similar to the chemica
gpeciaion samplers.

Sample andysis, which is described in more detall |ater, included mass by gravimetric andyss, ions
(sulfate, nitrate, and ammonium) by ion chromatography (1C), OC/EC by thermal-optical reflectance
(TOR), and dementd andlysis by energy dispersive X-ray fluorescence (XRF). Mass was dways
determined on Teflon filters following FRM protocol for filter equilibration and weighing.
Concentrations of trace dements (Na- Pb), were measured on the same filter used for mass
determinations. lons are determined from aqueous extracts of ether Teflon (wet with 50 pl ethanol
before extraction), quartz-fiber, or nylon filters. Nylon filters analyzed for only for nitrate were extracted
in 1C duent and those andyzed for nitrate, sulfate, and ammonium ions were extracted in water. OC
and EC were measured on quartz-fiber filters that have been baked at 600°C for 2 hoursto lower
background carbon levels below 0.2 ngy/en? tota carbon. Quartz-fiber filters andyzed for ionswere
glit to dlow for carbon and ions andysis. All other filters were kept whole for andyss.

Sampler Descriptions - The Chemical Speciation Samplers

Design of the three chemical speciation samplers for the Nationad PM,, 5 Network can be found in the
EPA chemica speciation guidance document (EPA, 1999). The draft guidance document outlines the
genera design of these samplers as envisoned for the PM,, 5 network; athough they are not likely the
find desgns to be implemented, asthis and future fidld evauations of the samplers may result in
modifications to the samplers. Specific designs of the samplersfor this intercomparison are given below.
In generd, each sampler draws air at a specified flow rate through a size sdlective inlet that removes
particles greater than a specified sze with a 50% collection efficiency or cutpoint. For the samplers
employed in this study the cutpoint is 2.5 um. As recommended by the expert peer-review pand
(Koutrakis, 1998), the efficiency of collection (dope and cutpoint) for each sampler should closely
resemble that of the FRM, and that was under the control of the manufacturers. Described below are
the three samplers provided to EPA for the National Sampler Contract procurement by URG, MetOne,
and Andersen.

Reference Ambient Air Sampler (RAAYS) developed by Andersen Instruments

A schematic flow diagram of the Andersen RAAS is shown in Figure 1a, with a picture of the sampler
givenin Figure 1b. It condsts of asze selective inlet followed by two PM,, ; cyclonesin pardld, the
outlets of which are connected to separate sampling manifolds. These cyclones are used to remove
particles greater than 2.5 micrometers with a 50% collection efficiency, when operated a 24 Lpm. The
flow is then split in each manifold into 2 channds (maximum of 3) for at tota of up to 6 channds. Of the
four channds used in this study, the first channd (labeled 1 in Figure 18) is used to estimate atmospheric
concentrations of particulate organic and dementa carbon (OC/EC). Theflow ratein this channd is
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7.3 Lpm. Inthe second channd (labeled 2 in Figure 19), particulate matter is collected on a Teflon filter
for andysis of mass and trace dements (Na- Pb) by energy dispersive X-ray fluorescence (XRF). The
flow rate through this channd 2is16.7 Lpm. In the third channd (labded 3 in Figure 18) particulate
matter also is collected on a Teflon filter, which is extracted in water and analyzed for sulfate, nitrate,
and ammonium ion concentrations by ion chromatography (IC). The last channd (labeled 4 in Figure
19) isused to obtain a nearly unbiased estimate of fine particle nitrate by removing acidic gases (e.g.,
HNQO;) from the air stream using a diffuson denuder coated with MgO and collecting aerosol nitrate on
areective Nylasorb (nylon) backup filter. This assumes the denuder is efficient for HNO; and other
acidic gases that might be collected on the nylon filter and analyzed as nitrate and that the nylon filter
does not collect NO,. Thefilter isextracted in IC duent and analyzed by IC for nitrate. In dl channdls,
critica orifices control the flow and the flow rates are monitored using eectronic mass flow sensors. All
internal components before the filter holders or denuders are Teflor® coated and no grease or ail is used
in the sampler’ sdesign. The system dso monitors continuoudy relative humidity (RH), barometric
pressure (BP), orifice pressure (OP), ambient temperature (T), manifold temperature (MT), meter
temperature (MeT) and cabinet temperature (CT). Data can be downloaded through a RS-232C serid
port, which aso dlows for two way remote communication (Andersen, 1999).

Spiral Ambient Speciation Sampler (SASS) developed by MetOne

A schematic flow diagram for the MetOne SASS sampler is presented in Figure 2a, with apicture of the
sampler shown in Figure 2b. The SASS has 5 separate channels, operated through a common
controller and pump. For the current Four City Study, each channd contained a spird impactor
designed to give a2.5 um cut-point (50% collection efficiency) with adope and cutpoint Smilar to the
FRM when operated at 6.7 Lpm (MetOne, 1999). { Note, results from this study indicted that under
high coarse particle loading conditions, the Spira impactor alowed large particles to penetrate to the
filter. The Spird isbeing replaced by a sharp cutpoint cyclone (SCC) developed by BGI, Incorporated.
The rest of the design for the SASS sampler is staying essentidly the same} Thefirgt channd (labeled

1 in Figure 29) collects particulate matter on a Teflon filter that is analyzed for atmospheric
concentrations of PM,, 5 mass and trace elements (Na- Pb). The second channel (labeled 2 in Figure
2a) dso collects particulate matter on a Teflon filter that is andyzed for sulfate, nitrate, and ammonium
ion concentrations. A MgO coated auminum honeycomb diffusion denuder is located behind the spird
impactor in the third channel (labeled 3 in Figure 2a). This denuder is used to remove acidic gases (eg.,
HNO;) from the sampled air sream. The MgO denuder is followed by a Nylon filter that is andyzed
for nitrate as described above. Asin the RAAS sampler, the denuder/reective filter pair is used to
obtain anearly unbiased estimate of aerosol nitrate. This assumes the denuder is efficient for HNO; and
other acidic species that might be andlyzed as nitrate, and that the nylon filter does not collect NO,. The
fourth channel (labeled 4 in Figure 2a) contains two baked quartz-fiber filters located behind the spira
impactor. The first quartz-fiber filter is andyzed for OC/EC by thermd-optica reflectance, while the
second quartz-fiber filter isarchived. The fifth channe (labeled 5 in Figure 2a) dso contains 2 baked
quartz-fiber filters as areplicate set to channd 4. This set of quartz fiber filters are archived for future
use. InPhaselll (Atlanta), it isanticipated that aelemental carbon honeycomb diffusion denuder will
be avallable for usein channd 5. This denuder is used to remove semi-volatile organic compounds that
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may interfere, as a pogitive artifact, with the OC measurement. The flow rate through each channd is
nominaly 6.7 Lpm and is controlled by acritical orifice. Theflow rate in thisinstrument is monitored
using eectronic mass flow sensors.

Mass Aerosol Speciation Sampler (MASS) developed by Univer sity Research Glassware
(URG)The URG MASS sampler is shown in Figure 3awith a picture of this sampler given in Figure 3b.
This sampler consists of two modules (URG MASS 400 and MASS 450), each with an FRM PM;S9ze
sdective inlet and a WINS impactor for the collection of PM,, 5 aerosol. The MASS 400 is equipped
with a Ng,CO; denuder before the WINS impactor but after the PM,, Sze sdectiveinlet. This denuder
is used to remove acidic gases much like the MgO denuders discussed above. The particles less than
2.5 um are collected on the top filter of adud filter pack, which isan inert Teflon filter that is andyzed
for PM,, s mass and trace dements (Na - Pb). The backup nylon filter efficiently collects nitrate that
may have vaporized from the front Teflon filter during sampling. Nitrate ion is quantified usang I1C after
extraction from the Teflon and nylon filters as described above for the RAAS sampler. The sum of
nitrate measured on the Teflon and nylon filters provides a nearly bias free estimate of fine particle
nitrate. This assumes the denuder is efficient for HNO; and that the nylon filter does not collect NO..
The MASS 450 contains a single filter pack containing one pre-baked quartz-fiber filter. Thisfilter is
gplit in haf with OC and EC determined from one haf and sulfate, nitrate, and ammonium ions
determined on the other half. An organic denuder (XAD coated annular denuder) is not used here, but
will be used in Phase 111 of the sudy following recommendations from Phase 11. The flow rate through
each moduleis nomindly 16.7 Lpm. FHow is monitored usng adry gas meter with afeed back loop to
the controller to adjust for variationsin flow rate as particles are collected on the filter.

Sampler Descriptions - Historical Samplers
Historical samplersinclude the IMPROVE, VAPS, FRM, and PTEP samplers, the latter being operated
only at Rubidoux as part of a SCAQMD PM chemica characterization sudy (SCAQMD, 1996).

IMPROVE Sampler

Detailed descriptions of the IMPROVE sampler can be found in Eldred et d. (1998b). A schematic
diagram of the IMPROVE is given in Figure 4awith a picture of the sampler givenin Figure4b. In
generd, the IMPROVE sampler consgts of severa modules each of which is dedicated to collecting a
sries of related chemica components of the atmospheric aerosol. Each module consgts of asize
sectiveinlet, a cyclone to provide a PM,, 5 Sze cutpoint based on the specified flow rate, filter media
for sample collection, a critica orifice that provides the proper flow rate for the desired size cutoff, and a
vacuum pump to produce the flow. Fow rate is not monitored continuoudy, but are verified prior to
and after each sampling period. The IMPROVE samplers consst of up to four pardld modules, and a
common controller (timer) as described in Eldred et d. (1998). Only three modules are used in this
sudy, asthe fourth istypicaly used to collect PM,,. Thefirst module (labeled 1 in Figure 4a) collects
PM,, ; on a Teflon filter, for determining atmospheric concentrations of PM., s mass and trace e ements
(Na- Pb). The second module (labeled 2 in Figure 44) includes a Ng,CO; denuder before the PM,, 5
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cyclone to remove acidic gases (e.g., HNOj) followed by the cyclone and anylon filter. Thisnylon filter
isandyzed for sulfate, nitrate, and ammonium ions. The third module (labeled 3 in Figure 4a) collects
PM on a pre-baked quartz-fiber filter. Thisfilter isanayzed for OC and EC.

Versatile Air Pollution Sampler

The VAPS sampler is shown in Figure 5a with a picture of the sampler givenin Figure5b. A PM,, 5
cutpoint is obtained usng a Sze selective impactor followed by avirtud impactor with a PM, 5 cutpoint.
The coarse particles follow the minor flow (3 Lpm) and are collected on a Teflon filter from which
coarse (PM4-PM,, 5) particles massis obtained. Thefine (< PM, 5) particle flow (30 Lpm) is split
evenly between two channels. One channd (labeled 1 in Figure 5a) contains a diffusion denuder coated
with Ng,CO; followed by Teflon/nylon filter pack as described above. The Teflon filter will be andyzed
for massand trace eements (Na- Pb). The Na,CO; denuder is extracted and andyzed for nitrate to
give an estimate of ambient nitric acid concentrations. The second channd (labeled 2 in Figure 5a),
contains an XAD coated annular denuder, designed specificdly for the VAPS (Gundd, persond
communication) to remove gas phase semi-volatile organic compounds that might be collected by the
quartz-fiber filter that follows the denuder. The quartz-fiber filter is analyzed for OC and EC
concentrations.

Sampler Descriptions - Federal Reference M ethod

The experimenta design of the two FRM samplersis schematicdly illustrated in Figure 6awith a picture
of the samplers givenin Figure 6b. Two FRM samplerswill be used at each Ste to obtain a chemica
characterization of the collected aerosol in amanner smilar to the other samplers. One FRM usesa
Teflon filter to obtain PM, s mass and trace elements (Na - Pb). The second FRM uses a pre-baked
quartz-fiber filter that is split in haf with one haf being andyzed for OC and EC and the other half for
aulfate, nitrate, and ammonium ions. As mentioned above, the FRM is the reference method for PM,, 5
meass and should provide a suitable reference for non-volatile species, such as sulfate and many of the
trace dements determined by XRF. The semi-volatile species, such as ammonium nitrate and some of
the organic species are collected with less bias by the VAPS sampler and in Rubidoux by the PTEP
sampler. Thus, the VAPS will provide a reference for semi-volatile species.

SCAQMD PTEMP Sampler

The PTEP sampler, like the Andersen sampler is based on the design of the Caltech Gray Box sampler
(Solomon 1989). Air isdrawn through an inlet and a PM,, 5 cyclone to obtain the desired cut-point. Air
is gplit into severd sample streams, with a fraction of the air passing through denuders and into filter
packs or directly into filter packs. The PTEP sampler is schematicdly illustrated in Figure I-7 and
described below. Additiond details of the design and the network this sampler is employed can be
found in SCAQMD (1996).

As shown in Figure I-7, the PTEP sampler has four channds and ten sampling lines for measurement of
PM,, and PM,, s mass, and chemica and gaseous components. : PM,, s issampled in Channels |1 (Lines
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3,4& 5)andlll (Lines6and 7). A Teflon-coated AIHL Cyclone (John and Reischi, 1980) is used to
obtain anomind PM,, ;5 Size fraction in Channd 1. Three sampling lines are located below Channel 11
for the measurement of aerosol nitrate and ammonium and their gas phase counter parts, nitric acid and
ammonia. Ammonia and nitric acid losses were minimized by the use of a short Teflon line into the
cyclone and coating the cyclone interndly with Teflon. Channd 11 contains two sainless sted denuders
used for anmoniaand nitric acid. Line 3 feedsinto the ammonia denuder columnar box conggting of
srips of citric acid impregnated quartz filters that are efficient scavengers of anmoniagas (Stevenset d.,
1985). Due to the high anmonia levels sometimes found in the Los Angeles Basin, these ammonia
denuders were changed every month. An acid impregnated filter in a Gelman duminum filter holder is
connected to the ammonia denuder. Line 4 feeds into the nitric acid denuder, which conssts of a
danless sted columnar box with anodized duminum plates. A dud filter pack, quartz followed by
nylon, is mounted below this denuder. The quartz filter collects the particulate nitrate and the nylon filter
is used to quantitatively trap any gaseous nitric acid that has penetrated through the denuder and
volatilized from the front quartz filter.

Line 5 congds of an dl-Teflon filter pack (Savillex) with three stages. A quartz filter followed by a
Nylasorb (Gelman) and then acitric acid impregnated quartz filter are dl mounted in seriesinline 5.
Thisline collects PM,, s, nitric acid, and ammonia gas, and is used as the non-denuded leg of the denuder
sysem. Thisline measures totd nitrate and ammonium (gas and particle). The difference between this
line and lines 3 and 4 provide an estimate of gas phase nitric acid and ammonia by the denuder
difference method (Solomon et d., 1988).

Channd 111 (Lines6 & 7): PM, s mass, organic and elementd carbon, and inorganic trace metals are
obtained from Channd 111 (Lines6 & 7). PM, 5 Szefractionation is obtained usng a stainless sted
Sensydyne modd 240 cyclone (Lippmann and Chan, 1970). A stainless stedl bowl with stainless stedl
mesh protectstheinlet of the cyclone. Because of the high-volume flow characteristics (110 Lpm) of
the cyclone, adtilling or mixing chamber coated with Teflon is used prior to the splitting of the flow into
two lines (Fitz et d., 1989). Since the carbon analysis and trace eementa analysis utilizes techniques
that are precison-sengtive to the homogeneity of particle depogts on the filter, flow homogenizers were
used. The homogenizers are 30 cm long stainless sted tubes with internal diameters of 4.5cm. Line 6
samples PM,, 5 carbon while line 7 collects aerosol samples for the determination of mass and inorganic
trace element concentrations.

Chemical Speciation and Chemical Analysis

The chemical components of PM,, 5 measured in this study are the same as those specified for the
Nationa PM, s Chemica Speciation Network (EPA, 1998) and recommended by the expert peer-
review panel (Koutrakis, 1998). Chemica characterization includes mass, sulfate, nitrate, and
ammonium ions, e ements (Nathrough Pb), organic carbon (OC) and dementa carbon (EC).
Appropriate filter mediawere used to dlow for chemicd andyss by routine methods as described in
EPA (1998), Koutrakis (1998), Chow (1995), and recommended by the vendors. As described
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above, these media combined with gppropriately coated diffuson denuders should minimize sampling
atifacts. Thefied study described here, however, will not involve comparisons to independent certified
methods that would dlow for an estimate of accuracy. However, comparison to the hitorical samplers
(IMPROVE, VAPS, and FRM) provide for a comparison to samplers that have been operated under a
number of conditions. Differencesin nitrate losses and possibly losses (negative artifact) or gains
(positive artifacts) of SVOCs can beinitidly evauated as aresult of this intercomparison.

Chemica andysis of aerosol on the collected filtersis by routine methods as described in EPA (1998)
and Chow (1995). FiguresI-1 through I-7 illustrate the experimental design for each sampler and show
which andytes were determined on which filters. A tabular summary of the species measured by each
sampler isgivenin Table I-1. Appendix A summarizes the chemicd anayss methods. Detalled
standard operating procedures (SOPs) have been prepared (RTI, 1999), and are listed in Table I-2,
and can be found in Appendix B. These SOPswere followed for dl andyses. In generd, PM, 5 mass
is determined gravimetricaly on Teflon filters. Elements (Na— Pb) are determined on the same filter as
PM,, s mass by energy dispersive X-ray fluorescence (XRF). Anions (sulfate and nitrate), and
ammonium ion are determined from aerosol collected on severd different filter media (Teflon, quartz-
fiber, or nylon). Each filter is extracted in water or a carbonate/bicarbonate buffer solution (IC euent
for anionsiif only anions are being determined from the filter) and quantified in the extract using ion
chromatography. The nylon filter isanalyzed only for nitrate, except for the IMPROVE sampler, where
nitrate, sulfate, and ammonium ion concentrations are determined from the sampler collected on the
nylon filter. Organic and eementa carbon (OC/EC) are determined on the quartz-fiber filters using
thermal-optical reflectance (TOR).

The following provides a brief description of the chemica anayss methods used in this study by species.

PM,sMass

PM, s mass, is determined gravimetricaly on Teflon filters using a microba ance (see Appendix B)
following procedures outlined in the Federal Regigter for PM, s FRM miass measurements in ambient air.
Prior to sampling filters are equilibrated for 30 days at the specified temperature (T) and rdlative
humidity (RH), followed by a one week equilibration period in the temperature range from 20-25 C and
an RH in the range of 20-30%. Filters are weighed, sedled in petri dishes, and stored until they are sent
out to the field. During storage and transport, filters are maintained at < 4 C. Prior to weighing sampled
filters, they are again equilibrated at the same T and RH asthey were for pre-weights. PM, ;s massis
determined by the difference between the post- and pre-weighed filters. Atmospheric concentrations
are obtained by dividing the mass per filter by the volume of air sampled.
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Trace Elements (Na-Pb)

Teflon filters analyzed for mass dso are anayzed for trace dements from Nato Pb by aimospheric
pressure X-ray fluorescence (see Appendix B). In this method, the filter is open to the atimosphere, but
surrounded by a sheath of He gas. Secondary x-rays are used primarily as the excitation source
resulting in virtualy no heeting of the filter or collected sample. Quantification of XRF spectraare
obtained by comparing to standards of known concentration as described in the SOP. Atmospheric
concentrations are obtained by dividing the loadings per filter, usudly in nanograms (ng) by the volume
of air sampled.

Sulfate, Nitrate, and Ammonium lons

Sulfate, nitrate, and ammonium ions are determined in filter extracts from Teflon or quartz-fiber filters by
ion chromatography (IC). Filters used for ion analysis are identified Figures1-1to I-3, I-5, and 1-6
(also0 see SOPs in Appendix B, and). For the IMPROVE sampler, anions (i.e., sulfate and nitrate) and
ammonium ion are determined from the nylon filters used in that sampler. VVolailized nitrate is
determined directly in the extract from the nylon filters located behind the Teflon filter used for mass and
XRF andysisin the URG and VAPS samplers. Anions are determined from a section of the quartz-
fiber filter in the URG 450, VAPS, and FRM samplers. These are being compared to anions
determined from extracts of Teflon filters used in the MetOne and Andersen samplers. Thishelpsto
ensure that nitrate and sulfate collected on the quartz-fiber filter can be used for anion and cation
determinationsiif nitrate and anmonium are logt from the Teflon filter during XRF andyss. Standards
are run according to the procedures outlined in the SOP (Appendix B) and used to quantify the
concentrations of the anions and cationsin the extract. Atmospheric concentrations are obtained by
dividing the loadings per filter by the volume of air sampled.

Organic and Elemental Carbon

Organic and elementa carbon collected on pre-baked quartz-fiber filters are determined by the
thermal/optical reflectance method (TOR) (see SOP in Appendix B). In this method, a portion of the
quartz-fiber filter is heated firgt in He to remove organic materid and then in He with 2% oxygen to
remove eemental carbon. The volatilized carbon is converted to CO and then to methane, which is
detected by an flame ionization detector. Optica reflectance of the sample is monitored to correct the
TOR OC/EC andlysis for possible charring during the highest temperature step in 100% He.
Concentrations are determined by comparison to standards of known amounts. Atmaospheric
concentrations are obtained based on the amount of filter used and the volume of air sampled.

Special Studies: XRF and Thermal Analysisfor OC/EC

Lossof Nitrate During XRF Analysis

Atmospheric pressure XRF, with secondary ion excitation will likely minimize loss of volatile species
e.g., hitrate and condensed SV OCs, during XRF andysis rdative to vacuum XRF, thus, these filters
might be able to be andyzed for nitrate, sulfate, and anmonium & alater date, or archived for other uses
(e.g., QC check on fina mass). However, most analytica laboratories use vacuum XRF and both
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primary and secondary excitation procedures, dl of which would likdly result in asgnificant loss of
volatile species from the filter and limit it use for other andyses. Therefore, determining the effect of
vacuum XRF on volatile speciesis important for two reasons. Firgt, the URG MASS sampler, as
specified from the manufacture uses the samefilter to obtain mass, trace dements by XRF, and ions
(sulfate and nitrate). If volatile species, i.e, nitrate and ammonium, are lost during vacuum XRF, then
subsequent determinations of those species will be biased by the amount lost. Secondly, the FRM
sampler, in the compliance network is being used only for mass determination. If vacuum XRF does not
bias the nitrate, ammonium, and organic carbon determinations, then these filters can be archived and, if
needed re-weighed at alater time, or analyzed for sulfate, nitrate, and ammonium to provide amore
detailed chemica compostion of the collected aerosol from the FRM sampler. One dternative would
be requiring atmospheric pressure XRF andyss of dl Teflon filters, assuming it does not drive off semi-
volatile speciesin the analysis process. The other dternative would be not using thefilters for further
chemicd andyds or mass determinations. To examine the potentid loss of volatile species from the
collected Teflon filter during vacuum XRF (see SOPs and Appendix B), 40 filters are analyzed by
vacuum XRF, after aamospheric XRF andys's, and then andyzed for sulfate, nitrate, and ammonium by
extraction and 1C analysis as described below. These ions are compared to their concentrations
collected by the same sampler and by collocated samplers.

As just described, analysis of Teflon filters by atmospheric pressure XRF adso may result in the loss of
volatile species due to the phase equilibrium shifting to the gas phase as He passes over the sample. Teflon
filters previoudy analyzed by atmospheric pressure XRF are being andyzed for sulfate and nitrate
concentrations. These are being compared to nitrate and sulfate concentrations obtained by the same
sampler and by collocated samplers.

TOR vsTOT Analysisfor OC and EC

Two methods have been widdly used for bulk andysis of OC and EC on quartz-fiber filters, therma
opticd reflectance (TOR) and thermd optica transmittance (TOT). TOT isthe NIOSH 5040 method
that is being used by the nationd |aboratories for OC/EC determinations. At the namesimply TOR
employs reflectance to help adjust the OC/EC andlysis for charring during the therma evolution of OC,
while TOT uses transmittance to accomplish the same objective. There are other differences between
the methods. For example, the temperature ramps are different and the maximum temperature used for
obtaining OC and EC are different. For these reasons, investigators have observed differences between
the two methods for OC and EC determinations. Therefore, in this specid study, a series of filters will
be anayzed by both methods, including standards of known concentrations.
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Splitting Filtersfor Multiple Analyses

As described above, some of the filters are used for more then one analysis or the anaytica method
itself requires only a section of the filter. For example, Teflon filters for anion and cation andyss are
split in haf so that each haf can be extracted using the appropriate solution. Quartz-fiber filters are
sectioned and only asmall section (about 1 to 1.5 cn?) is used for andysis. Aswell, in the case of the
URG chemica speciation sampler, the VAPS, and the FRM thefilter is split in haf, with one haf used
for ion andyss and the other for TOR analyss. The SOP for sample sectioning is found in Appendix B.

Filter and Denuder Preparation

Severd of thefilters require pretreatment to lower blank levels and diffusion denuders need to be coated
with areactive substance to dlow for efficient remova of specific gas phase species. For example,
Teflon filters are equilibrated a specified T and RH as described earlier, quartz-fiber filters used for
OC/EC andysis are baked for severd hours (Chow, 1995) a 900 C to lower blank levelsto 1 ug C
cn? of filter materid, while nylon filters must be cleaned before use to ensure consistently low blank
levelsif acceptance testing indicates variable blank levels or contamination greater then 1 ug NO;™ per
filter. Nylon filters are cleaned by soaking in aNO,CO; solution followed by a thorough rinse using DI
water. Table -3 ligtsthe filters by sampler type and indicates generd filter preparation needs.

Denuders must be coated initidly, cleaned or refurbished, and recoated as needed. Asdescribed in
Table -3, MgO denuders only require the initia coating as they are believed to have sufficient capacity
for the 20 day study and are not extracted for chemical andysis. The Na,CO; coated denuder, requires
cleaning and re-coating after every use, or a least after every three uses. Inthe VAPS, this denuder
was extracted after each sampling period and andyzed for HNO;. The XAD denuders, must be
refurbished after every sampling period, and re-coated after every tenth sampling period.

Sampling L ocations and Rationale

Sampling locations are identified based upon the following criteria. Firdt, the datistical design requires
testing each sampler under different chemica amaospheres and varying environmentd conditions.
Secondly, locations are needed where PM sampling is ongoing with preference given to locations where
PM chemical speciation sampling is occurring & the time of the sudy. Findly, sufficient infrastructure
needs to be available with loca support to assst with filter changing and sampler operations. Four
locations were chosen that meet these criteriac Philadelphia, PA, Phoenix, AZ, Rubidoux, CA, and
Research Triangle Park, NC. Philadephiarepresents atypical east coast Situation where high sulfate
and organic materid are present in the aerosol, but nitrate istypically low (Pace, 1998). Phoenix
represents an area with the potentid for high crusta materid, which typicaly is the dominant materia
above 2.5 Fm, but with atall in thelessthan 2.5 Fm size range (Pace, 1998; Solomon et d., 1986).
Phoenix aso has a strong nitrate and organic materia component. Rubidoux represents an areawith
very high nitrate, moderate organic materia, low sulfate, and relatively low crustd materia (Solomon et
a., 1989; SCAQMD, 1996). The RTP dteisto alow for a more thorough evauation of sampler
performance and provide a Ste where PM levels are near the lower limit of detection for the species
measured by the samplers being tested.
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Of the four gtes, Rubidoux is the prime site because it provides the most stringent test of the samplers
for examining collection efficiencies of nitrate and semi-volatile condensed organic compounds, has afull
complement of PM, gaseous, and meteorologica sampling equipment, including full chemica speciation
using the SCAQMD’ s PTEP sampler, and the characterigtics of the air at Rubidoux have been well
characterized by several studies over the last decade (e.g., Solomon et d., 1989). Two sets of samplers
are collocated at Rubidoux to obtain precison estimates. Table -4 outlines the existing sampler
equipment located at Rubidoux, CA. Table I-5 lists the existing equipment located at Phoenix, AZ.
These two stes are well equipped to support this study with both additiona PM measurements,
meteorologicd measurements (the most important of which are rdative humidity and temperature), and
supporting gas phase measurements, such as 0zone, nitrogen oxides, and sulfur oxides. PM,, sampler
meteorologica data are collected at the Philadephiagte. At RTP, samplerswere ingtaled at the new
NERL sampling platform; however, supporting data are not available at this Site.

These sites represent Phase | of this program to evaluate the chemical speciation samplersfor usein the
National Chemical Speciation Network. We recognize however, that the study is limited in scope, not
only geographicaly, but seasondly. Conditions that were not represented are the high sulfate season on
the east coast and areas with ether high biogenic organic materia or high wood smoke emissons. The
highest season for crustal materia in Phoenix is during the summer, thus, the samplers were not
chalenged with the highest concentrations of crustal materid. The samplers were not evauated for
operations in either very cold or very hot conditions, nor under conditions of severe weather. As
discussed earlier, these other conditions will be tested during Phases 11 and 111 of this evauation.
Figures 1-8 through [-11 show the samplers a each Site.

Program Schedule

Overall Program Schedule

Table 1-6 summarizes the overdl schedule for this study. The schedule was driven by three criteria: 1) a
draft report was due to OAQPS by the middle of March, 1998, 2) 20 sample sets would be collected
a each ste to help ensure that a sufficient number of samples would be collected smultaneoudy on dl
samplersto meet the datistica design objectives, and 3) the study could not begin until dl five sets of
the three chemica speciation samplers and the IMPROVE sampler were delivered to ORD (the origina
ddivery date was August 15, 1998, and only MetOne met that schedule). The latter included delivery
of asufficient number of spare parts, extrafilter holders, and denudersto dlow for every-other-day
sampling. These three criteria uniquely define the schedule for the program and dictated that sampling
must be performed smultaneoudy &t the four locations chosen for this Sudy. Sampling was to begin
around September 1, 1998. However, dl samplers and spare parts were not delivered until nearly the
end of November 1998 (Andersen was the last sampler to arrive), which with seasond holidays delayed
the gtart of sampling until nearly the middle of January, 1999. The due date for submission of the draft
fina report to OAQPS was then re-scheduled for the end of June 1999.

Sampling Schedule
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Sampling was conducted in January and February of 1999. Samplers were operated for 24-hr sampling
periods every other day, except at Rubidoux. Sampling at Rubidoux was every third day to sample
smultaneoudy with the PTEP sampler.

To meet the every other day sampling schedule, filters and holders were shipped overnight to the
contractor immediately after collection according to the sampling scheduleillustrated in Table 1-7.
Filters, the XAD denuder in the VAPS, and dl Na,CO; denuders were shipped by overnight mail.
Three full sets of filter holders and denuders were available for this purpose, which required continuous
shipping of filters to and from the [aboratory. This turned out to be arigorous schedule to maintain with
Ste operators and laboratory personnd working 7 days per week. Delays only occurred when the
overnight service falled to delivery the filters as expected.

Prdiminary Evaluation and Training

Once samplers were received a EPA in Research Triangle Park, they were configured for usein this
field study and underwent a quick shakedown. One representative from each manufacturer was
available to ensure proper assembly of their samplers and to train contractor personnd. The shakedown
included, for example, running each sampler for two-12 to 24 hour periods to ensure that samplers were
turning on and off as expected, flow rate checks, flow control checks, leak checks, etc. Standard
operaing procedures in the form of operating manuas were made available from the manufacturers
when the samplers were delivered to RTP. The contractor prepared condensed ingtalation and
operating SOPs for easy use by fiedd and |aboratory operators. A list of SOPsisgivenin Tablel-2 and
Appendix B.

Site Ingtallation and Decommissioning

All steswere equipped with one of each of the three chemical speciation samplers, one IMPROVE,
one VAPS, and one set of two FRM samplers. Rubidoux had a collocated second set of dl samplers
except the VAPS sampler. EPA contractor personnd installed the ssmplers a dl Sites, trained site
operators a Rubidoux and Phoenix, and conducted initia systems and performance audits prior to the
dart of the study. At the end of the study, EPA contractors performed afina audit and then
decommissioned the site and returned the equipment to EPA at Research Triangle Park, NC. A mid-
study audit was aso conducted.

Power and platforms were provided by the states or loca districts. At Rubidoux and Phoenix, loca

date or local digtrict operators normaly working at those Sites operated the samplers. At Philadelphia
and RTP, the sites were operated by EPA contractors.

Part I, Pege 19



Sampler Operation and Filter Shipping and Storage

Samplers were operated according to the SOPs as given for each sampler and referenced Table 1-2
and in Appendix B. Threefull sets of filter holders and denuders were required for each sampler to
meet the rigorous schedule described above. The three sets of filter holders and denuders dso alowed
time for these items to be shipped to the contractor for exchange, thus, removing Ste-to-site variability
for filter changing. Filters were shipped in coolers at reduced temperature with a max/min thermometer.
Each cooler contained sufficient blue ice, sealed in plastic bags or some other closed system, to keep the
filters cool for 24-hours. At the field Site, the filters were stored before and after sampling at reduced
temperatures in arefrigerator, epecidly after sample collection. Except for equilibration of filters for
mass determination, filters with collected aerosol were stored in sedled petri dishes at reduced
temperatures at or below freezing.

Quiality Assurance/Quality Control (QA/QC)

A thorough QA/QC effort was implemented for this study to ensure the qudity of the data. These
efforts included audits of the samplers prior to, during, and after the field program, even though the study
was only 2 monthsin duration. Laboratory quality assurance and control followed aready established
procedures and included externa audits of the andyzersin conjunction with ongoing studies.

Fidd QA/QC

Quadlity assurance condsted of system and performance audits a the beginning, middle, and end of the
study. These audits were conducted by contractor gtaff. Initid QA audits of the samplers were
performed prior to the first sample if possible, or as quickly after the initiation of the program as
possible. A second set of system and performance audits was performed in the middle of the program,
between the 8" and 10" sampling periods, depending on the site. A third set of audits was performed
after the last sample, but before decommissioning of the samplers by the EPA contractor. Initid system
audits checked ingtalation of the samplers, Site setting, Site operations and operators, and custody
management. Performance audits checked flow rates, check for vacuum lesks, and other performance
characterigtics of the samplers. Qudlity control consisted of checking flow rates before and after each
sample on every filter unless automaticaly logged by the sampler, maintaining appropriate operations
logs, checking filter holders and denuders prior to and after each sampling period, and other items as
specified on the datalog sheets.
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Laboratory QA/QC

Laboratory systems and performance audits were conducted for each species according to schedules
dready in place in the |aboratories. Resultswill be reported to EPA saff in the contractors fina report,
which has not been received to date.

STATISTICAL ANALYSIS

Questionsor Statistical Hypotheses Being Tested

As described above in the introduction, the primary objective of this study is to determine if there are
differences among the three chemica speciation monitors for their estimation of the concentrations of the
chemica components of PM, ; mass. Comparisons dso are made to two historica samplers
(IMPROVE and VAPS) and to the FRM using these samplers as ardative reference. Reference
standards do not exist for any of the species, only for mass and that is defined by the FRM; therefore,
this study is testing the equivaency of the samplers to each other, rather then comparing the samplersto
aknown value that provides an estimate of their accuracy.

There are three mgjor questions to be addressed by this intercomparison study.
1. How do the concentrations of the measured chemica components as determined by the FRM
compare to those measured by the chemical speciation monitors?

2. Can FRM mass be recongtructed within expected uncertainties from the sum of the chemica
components as measured by the chemical speciation monitors?

3. How well do the concentrations of the measured chemica components of PM, 5 from the
various speciation samplers agree?

4, What are the causes of the differences, if they exist. Some are expected due to the different
methods employed by the different samplers? and

5. What isthe potentia effect of different andytical methods on measured concentration of the
chemica components of PM, 5. These include the effect of vacuum XRF vs. aamospheric
pressure XRF on nitrate concentrations measured on Teflon filters and the effect of thermal
optical reflectance vs. therma opticd transmittance on OC/EC concentrations.

The following hypotheses are predicated on the assumption that the collection efficiency (dope of the
efficiency curve and cutpoint) for the samplersin this sudy are essentidly the same. Also, it isimportant
to establish the precison of the instruments and this was done by collocating samples a Rubidoux.
While this provides only alimited assessment of the precision (one Site, one time of the year, one set of
amospheric conditions), it does provide afirst cut estimate of the precison needed for the satistica
andyses performed here. If for example, the precision is estimated a 50%, then determining differences
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among samplersis not asinformative asif the precison were say 10-15%. Asabenchmark, the
coefficient of variation for the differences in mass concentrations from collocated FRM instruments is
required to be less than 10%, according to 40 CFR Part 58, Appendix A. Depending on the species,
based on the authors' prior experiences, we anticipate arange of precison from less than 10% to about
30%.

In the following discussion, the phrase “ speciation samplers’ includes the Andersen RAAS, the URG
MASS, the Met-One SASS, the IMPROVE, and the VAPS.

The following hypotheses are related to the first two questions, how do the samplers compare to the
FRM and can FRM mass be reconstructed from the species measured by the speciation samplers. For
each of these hypotheses, the concentrations, on a species-by-species basis, from each of the speciation
samplersis compared to the respective concentration from the FRM. The concentrations from the
Speciation samplers are not compared to each other. The specific hypotheses are:

1. PM,, s mass concentrations measured on the FRM by weighing a Teflon filter is compared to
PM,, s mass as measured by weighing filters collected by the Teflon filtersin the chemica
speciation monitors. The hypothesisis that the mass concentration from each of the speciation
samplersis not gatigicdly different from the mass on the FRM filter. Thisisthe starting point.
The next eight hypotheses delve further into understanding why the mass concentrations do or
do not compare favorably.

2. PM, 5 trace elements or groups of trace elements determined on samples collected by the Teflon
filter in the FRM as determined by XRF are compared to trace e ements determined on samples
collected on Teflon filters collected by the speciation samplers. The hypothesisisthat thereis no
datistica difference between the concentrations from each of the speciation samplersto that
determined from samples collected by the FRM. These concentrations should be comparable
since these species are stable.

3. PM, 5 sulfate on the FRM quartz filter is compared to sulfate on the Teflon (RAAS, SASS),
quartz-fiber (MASS, VAPS), or nylon (IMPROVE) filtersin the speciation samplers. The
hypothesisis that there is no difference between the concentrations from each of the speciation
samplersto that determined from samples collected by the FRM. These concentrations should
be comparable since sulfate is a stable species.

4, PM,, s ammonium determined from samples collected by the quartz-fiber filter onthe FRM is
compared to ammonium ion determined from samples collected on the Teflon (RAAS, SASS),
quartz (MASS, VAPS), or nylon (IMPROVE) filtersin the speciation samplers. The hypothesis
isthat thereis no difference between the concentrations from each of the speciation samplersto
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that determined from samples collected by the FRM. These concentrations may not be
comparable snce ammonium is volatile when in the form of anmonium nitrate.

PM,, 5 nitrate determined from samples collected on the quartz-fiber filter in the FRM is
compared to nitrate determined from samples collected on the Teflon (RAAS, SASS), quartz-
fiber (MASS, VAPS), or nylon (IMPROVE) filtersin the speciation samplers. The hypotheses
isthat thereis no difference between the concentrations from each of the speciation samplersto
that determined from samples collected by the FRM. These concentrations should be
comparable snce the collection of nitrate on these filters should dl be biased by the loss of
nitrate due to volatilization, with the exception of the IMPROVE.

PM,, 5 nitrate on the FRM quartz filter is compared to nitrate on the nylon (RAAS, SASS,
IMPROVE), or quartz+nylon (MASS, VAPS) filters in the speciation samplers. The hypothes's
isthat the nitrate from each of the speciation samplersis greater than or equd to the nitrate on
the FRM Teflon filter, due to negative artifacts in the FRM. This addresses questions about the
amount of nitrate volatilized from the FRM Teflon filter.

PM,, s elementa carbon (EC) determined on samples collected on quartz-fiber filters by the
FRM is compared to EC determined on quartz-fiber filters collected by the chemical speciation
samplers. The hypothesisis that there is no difference between the concentrations from each of
the speciation samplers to that from the FRM. These concentrations should be comparable
snce dementa carbon issable.

PM,, 5 organic carbon (OC) determined on quartz-fiber filters collected by the FRM is
compared to OC determined on quartz fiber (MASS, RAAS, SASS, IMPROVE) filtersin the
speciation samplers. The hypothesisisthat there is no difference between the concentrations
from each of the speciation samplersto that determined from samples collected by the FRM.
These concentrations should be comparable since as designed in this study, dl the speciation
samplers potentidly suffer from negative or positive artifacts.

PM, 5 OC determined on samples collected on the quartz-fiber filter in the FRM is compared to
OC determined on samples collected on the quartz-fiber filter from the VAPS. The hypothesis
isthat OC collected by the FRM is greater then the OC collected by the VAPS denuded
channd if there are poditive artifacts, or less than the VAPS denuded channedl if there are
negative artifacts. No difference would be inconclusve.

The following hypotheses compare the concentrations of the chemical components determined on
samples collected by the chemica speciation samplersto address why there are differences among
measured concentrations, if they exist. For each of these hypotheses, only the concentrations from the
Speciation samplers are compared.
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10.

11.

12.

13.

14.

15.

16.

17.

PM,, s mass and chemica composition as determined according to the manufacturer’ s guidelines
are compared among the speciation samplers. The hypothesisisthat al species of interest are
comparable among the chemica speciation samplers when concentrations are determined
according to manufacturer’ s guidelines.

PM,, s mass concentrations determined by gravimetric andysis using Teflon filters are compared
among the samplers. The hypothesisisthat there is no difference in these masses.

PM, 5 trace dement concentrations (individudly or in groups) determined by XRF from samples
collected by Teflon filters are compared among the samplers. The hypothesisistheat thereisno
difference in these concentrations as these dements are stable during sampling and anadyss.

PM,, 5 nitrate concentrations determined from samples collected using nylon (RAAS, SASS,
IMPROVE) or Teflontnylon (MASS, VAPS) filters are compared among the samplers. The
hypothesisis that there is no difference in these concentrations.

PM, s sulfate determined from samples collected using Teflon (RAAS, SASS), quartz-fiber
(MASS, VAPS), or nylon (IMPROVE) filters are compared among the samplers. The
hypothesisisthat there is no difference in sulfate concentrations as sulfate is stable during
sampling and andlyss. We aso will look at sulfate estimated from XRF sulfur (Stimes 3is
goproximately equd to sulfate) to see how well XRF sulfur estimates sulfur determined by 1IC
from both Teflon or quartz filters.

PM,, 5 organic and elementa carbon determined from samples collected by quartz-fiber filters
where no denuder is used is compared among the speciation samplers. Sincethe VAPS used a
denuder, it will not beincluded in this hypothess. The hypothesisis that the concentrations of
OC and EC are the same provided no denuder is employed.

PM,, 5 organic and elementd carbon determined from samples collected by quartz-fiber filters,
including speciation samplers where a denuder is used is compared among the samplers. The
hypothesisis that samplersthat use denuders (VAPS) will have lower OC concentrations since
the potentid for postive artifact due to organic vapors has been minimized. Nothing can be said
about negative artifacts.

PM,, s ammonium determined from samples collected by the Teflon (RAAS, SASS), quartz-
fiber (MASS, VAPS), or nylon (IMPROVE) filters are compared among the samplers. The
hypothesis is that the concentrations of ammonium are the same for dl speciation samplersasal
potentialy suffer from negative artifacts.
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18.

19.

Ammonium nitrate equilibrium is afunction of temperature and rdaive humidity and thus, nitrate
concentrations measured on reactive filters behind a base coated denuder are compared as a
function of temperature and RH to determine if these factors bias sample collection. The
hypothesisisthat there is no difference in the samplers as afunction of temperature or RH.

Crugtd related dements are typicaly associated with particles greater than 2.5 um AD,
however, differencesin the inlet the efficiency (dope and cutpoint) may result in different
concentrations of crustal related materiad being measured by these samplers. The hypothesesis
that the crustd related materid as determined from summing the oxides of Fe, Ca, and S
(Solomon et d., 1989) are not datigticaly different among the samplers. If differences are
observed they are related to the coarse particle mass as measured by the VAPS or by other
collocated PM ;o monitors. Wind speed dso isavariable of interest in this andysis.

The above hypotheses examine the first four mgor questions stated above. Statidtica differences are
examined with in Stes using primarily the paired t-test a dpha = 0.05. Added variahility due to Ste-to-
Stevariationsin the chemica compaosition limit the paired t-test to individua Stes, as missng data are
minimized. The data aso are examined by looking a means, time series andyd's, regresson anayss,
difference andysis on a gpecies by species basis reative to the FRM.

Severd tests are being conducted to examine the affect of different anaytica methods on the
concentration of the species measured. These include the effect of vacuum XRF or atmospheric XRF
on nitrate concentrations measured on the filter after XRF andysis and the use of TOR vs. TOT for
OC/EC andysis as sated in the fifth question presented a the beginning of this section.

a Examine the effect of vacuum vs. atmospheric pressure XRF on nitrate concentrations
measured on the Teflon filter after XRF andyss. The hypothessistwo fold. Firg,
there will be a greater loss of nitrate from Teflon filters after vacuum XRF than after
atmospheric pressure XRF. Secondly, losses that occur during atmospheric pressure
are minimized, such that nitrate measured after atmospheric pressure XRF is not
different than nitrate measured on a Teflon filter that has not undergone XRF andyss. It
isimportant to understand the magnitude of the loss of nitrate from Teflon filters after
vacuum or atmospheric XRF because the proposed design of the URG sampler hasion
andydis occurring after XRF andysis of the only Teflon filter in the system. Thereisdso
great potentia for the FRM Teflon filter to be used for XRF andyss and ion andysis
after mass determination to obtain additiona speciation data at FRM gites.

b. Examine difference between OC and EC as measured by TOR and TOT. The
hypothesisis that these two methods are satistically not different from each other for
determining OC and EC from samples collected on quartz-fiber filters. However,
differences have been noted, especidly with samples collected in areas with high wood
smoke emissions.
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Findly, the samplerswill be evauated in terms of their operationa performance or practicaity of usein
thefield, that is, rdiability, ruggedness, ease of use, and maintenance requirements. Field operators
were asked to maintain detailed logs of their operationd performance and they completed an extensive
survey after the study on these issues. Aswell cost data are presented for the samplers and spare parts.
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Data Reporting For mat

The concentrations for each anayte will be compiled as aflat ASCII file organized as follows:

1)

2)

4)

Format
ASCII text file with defined columns and rows.

StelD’'s
1 = Rubidoux
2 = Phoenix
3 = Philadephia
4 = Research Triangle Park
Sampler ID’s.
FRM - Teflon = FRM-T
FRM - Quartz = FRM-Q
VAPS = VAPS
Met One-SASS = MET
URG-MASS = URG
Andersen RAAS = AND
Improve = IMP
Anaytes (mass/m®)
C-1 = PM, 5
C-2 = SO,
C-3 = NO;
C-4 = NH,
C-5 = ocC
C-6 = EC
C-7 = SXRF
C-8.Cn = Individud metds— XRF

5) Reporting Duplicate Sampler Results (Rubidoux)

Identify as“Repeet 1" and “ Repesat 2.
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6) Limit of Detection (LOD) or MDL for Tota Method (Sampling Plus Andlysis)
The LOD for massis determined based on Federa Reference Method procedure (40 CFR,
Part 50, Appendix L). The LOD sulfate, nitrate, and ammonium based on 3 time the noise in
the basdline noise in the chromatogram since field blanks were non-detectable, while for OC
and EC it is based on three times the sandard deviation of the fidld blanks. XRF limits of
detection are based on propagating errors associated with the anaytica method and flow rates.
In generd, LOD vaues were within the expected ranges.
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Tablel-1. Andyte Ligting for Speciation Sampler Intercomparison

. Analyte
Analytica (Concentration Sampling Systems
M ethod :
units)
M et MASS RAAS IMPROVE | FRM-T | FRM-Q | VAPS
One
Gravimetric PM, ; Mass X X X X X - X
lon SO,~, NOs, NH,* X X X X - X X
Chromatogr aphy 40 s T
Thermal/Optical
Ref Method OC/EC X X X X - X X
S S, Ca, Mn, Fe,
Atmospheric Cu, Zn, P, X X X X X i X
Pressure XRF Groupings of
metds, etc.,
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Tablel-2. List of Standard Operating Procedures for Fiedld and Laboratory Efforts During the Chemica Speciation Monitor Evauation

Study.

Fidd Related SOPs

Laboratory Related SOPs

SOP Prepared By “SOP Prepared By
Spira Ambient Speciation Sampler MetOne Filter Pack and Cassette Handling in the Lab RTI
Reference Ambient Air Sampler Andersen Denuder Preparation — Na,CO;4 RTI
Mass Aerosol Speciation Sampler URG Corp. Denuder Extraction — N&,CO,4 RTI
IMPROVE Sampler UC Davis Denuder Preparation — MgO RTI
Versdtile Air Pollution Sample RTI Denuder Preparation — XAD RTI
PM2.5 Federal Reference Method RTI Denuder Regeneration —XAD RTI
Filter Pack and Cassette Handling inthe Field ~ RT!I Denuder Extraction —XAD RTI
Denuder Handling and Shipping in the Field RTI PUF Cartridge Cleaning and Preparation RTI
Receiving, Laboratory and Field RTI Filter Preparation — Nylasorb (nylon) RTI
Shipping at Reduced Temperatures RTI Filter Preparation — Teflon RTI
Filter Preparation — Quartz-Fiber RTI
Acceptance Testing of Filters RTI
Filter Sectioning Procedures RTI
Filter Extraction — Nylasorb RTI
Filter Extraction -- Teflon RTI
Filter Extraction — Quartz-Fiber RTI
Mass by Gravimetric Analysist RTI
Anions by lon Chromatography RTI
Cations by 1on Chromatography RTI
XRF — Atmospheric Pressure Mantech/NERL
XRF — Under Vacuum DRI/Reno
Thermal-Optical Reflectance (TOR) DRI/Reno
Thermal-Optical Transmittance (TOT) Sunset Labs
Data Vaidation RTI

! Federal Register for FRM.
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Table 1-3. Experimental Design Including Filter and Denuder Preparation.

Filter Type | Denuder
Sampler (Channel) | Type Analysis Filter and Denuder Preparation
Andersen Teflon (2) (2) Mass and Filters are equilibrated before weighing
RAAS Teflon (3) elements® (3) ions® | Filters are wet with ethanol before extraction
Nylon filters are cleaned before use and extracted
Nylon (4) MgO Fine particle NO, in 1C eluent; MgO denuders are not changed or
cleaned during the study
Quartz (1) OC/EC Quartz filters are baked before use
Met-One Teflon (2) (1) Mass and Filters are equilibrated before weighing Filters are
SASS Teflon (2) elements(2) ions | wet with ethanol before extraction
Nylon filters are cleaned before use and extracted
Nylon (3) MgO FineparticleNO;” |inIC eluent; MgO denuders are not changed or
cleaned during the study
Quartz (4) OC/EC Quartz filters are baked before use
Quartz filters are baked before use; Carbon
E
Quartz (5) OC/EC denuders need to be heat treated every 7 samples
URG MASS | Teflon Mass and Filters are equilibrated before weighing
elements
Nylon filters are cleaned before use and are
Nylon Na,CO, Volatilized nitrate | extracted in IC eluent; Na,CO, denuders are
cleaned and re-coated daily
. Quartz filters are baked before use; Filters are
t E
Quartz OC/EC, lons splitin half to allow for ion analysis
Mass and , . o
IMPROVE Teflon dlements Filters are equilibrated before weighing
Nylon filters are cleaned before use and are
. . extracted in water since NH," also isanalyzed in
Nylon Na,CO; Volatilized nitrate the extract; Na,CO, denuders are cleaned and re-
coated daily
Quartz OC/EC Quartz filters are baked before use
Mass and ) . _
Filters are equilibrated before weighing Na,CO,
VAPS Teflon Na,CO, elements Denuder denuders are extracted and re-coated daily
for HNO,
. . Nylon filters are cleaned before use. Nylonisthe
Nylon Na,C0; Volatilized nitrate backup filter in a Teflon/nylon filter pack
Filter for OC/EC, Quartz filters are baked before use; XAD-4
Quartz XAD-4 ions Denuder for | denuders must be rinsed daily, re-coated every
SVOCs 10 samples
Mass and ) . —_
FRM Teflon dlements Filters are equilibrated before weighing
Quartz lons and OC/EC Quartz filters are baked before use; Filtersare

splitin half to alow for ion analysis

1. Elementsrefer to those obtained from XRF analysis, potential Nato Pb.

2. lonsinclude nitrate, sulfate and ammonium.
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Tablel-4. Measurements Made at Rubidoux, CA in Conjunction with the Chemica Speciation
Sampler Evduation Studly.
Species M easurement Method Duration/Frequency*

PM2.5 and PM;, Massand
Chemistry

Sierra Anderson Dichotomous
Samplers, PTEP Sampler

24 hrs/lin 3 days

PM2.5 Elemental Carbon

Magee Scientific aethalometer with
aHarvard Impactor PM2.5 inlet

5 minute average, C

Light scattering

Optec nephelometer

1 hour average, C

PM25EC/OC Rupprecht & Patashnick Total 1 hour average, C
Carbon Analyzer
PM,, Mass Rupprecht & Patashnick PM ,, 1 hour average, C
Federal Equivalent Method TEOM
Methane/NMHC TEI hydrocarbon analyzer 1 hour average, C
NOX/NOy TEI NO,/NO, analyzers 1 hour average, C
O; One Dasibi ozone analyzer 1 hour average, C
CO TEI CO analyzer 1 hour average, C
NO, NO,, NOx TEI NOx analyzer 1 hour average, C
Wind Speed AGL 1 hour average, C
Wind Direction AGL 1 hour average, C
Standard Deviation of Wind AGL 1 hour average, C

Direction

Air Temperature

2 meters AGL, nephelometer height

1 hour average, C

Rdative Humidity

2 meters AGL, nephelometer height

1 hour average, C

Delta Temperature

C

1 O6-onein six days; C-continuous; D-Daily; OD-Every other day.
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Tablel-5. Measurements Made a Phoenix, AZ in Conjunction with the Chemica Speciation Sampler

Evduation Study.

Species

M easurement M ethod

Dur ation/Frequency?

PM, ., Coarse PM, & PM ,,

Mass and Chemistry

4 - Sierra Anderson Dichotomous
Samplers

6 and 24 hours/O6, (2 w/ quartz, 2 w/
Teflon filters)

PM, ., Coarse PM, & PM ;,

Mass and Chemistry

2 - IMPROVE 25mm 4-module
samplers

24 hours/OD, (each w/ Teflon,
nylon, quartz, & PM ,, Teflon filters,
respectively)

PM 25

Elemental Carbon/ Light
Absorption

2 - Magee Scientific aethalometers,
each with aHarvard Impactor PM , ¢
inlet

5 minute average/C

Ambient light scattering Optec nephelometer (NGN-2) 1 hour average/C
PM,; EC/OC Rupprecht & Patashnick Total 1 hour average/C
Carbon Analyzer
PM o Mass Rupprecht & Patashnick PM ,, 1 hour average/C

Federal Equivalent Method TEOM
Methane/NMHC TEI hydrocarbon analyzer 1 hour average/C
NOx/NOy TEI NOx/NOy Tracelevel analyzers | 1 hour average/C
O, Dasibi O, analyzer 1 hour average/C
CcO TEI CO analyzer 1 hour average/C
NO, NO,, NOx TEI NOx analyzer 1 hour average/C
0O, Monitor Labs SO, analyzer 1 hour average/C
Wind Speed 10 meters AGL 1 hour average/C
Wind Direction 10 meters AGL 1 hour average/C
Standard Deviation of Wind 10 meters AGL 1 hour average/C

Direction

1 06-onein six days; C-continuous; D-Daily; OD-Every other day.
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Table 1-6. Overdl Planned Study Schedule!.

Date Ddliverable
1998
November 10 Standard operating procedures received from the 3 chemical speciation sampler

October 1-Nov. 20

manufacturers and for the IMPROVE and VAPS samplers

Sites prepared for sampler installation. Power and platforms installed as needed to
accommodate all samplers (see Tables 1 and 2 for listing of samplers at each site).

Nov 1-30 Samplers will undergo an evaluation and RTPfield personnel will betrained oninstallation,
operation, and quality control

Nov 12-24 External review by the expert peer-review panel on chemical speciation.

Nov 20-Dec 10 Samplers shipped to sampling sites and local operators trained.

Dec 8-Dec 12 Systems and performance audits performed with help from local agency (Rubidoux and
Phoenix)

Dec 14 First day of sampling. (Rubidoux and Phoenix)

1999

Jan 4-Jan 5 Systems and performance audits performed with help from local agency (Phoenix and
Philadel phia)

Jan 6 First day of sampling (Philadelphiaand RTP)

Jan.1-4 Systems and performance audits performed with help from local agency.(optional)Chemical
analysis of first half of samples should be started.

March 1 Lastday of sampling. Systemsand performanceaudits performed with help of local agency.

March 2-5 Decommission sites.

March 20 Chemical analyses complete.

April 15 Level 1l datadelivered to EPA for all chemical analyses.

April 15-May 1 EPA reviews data and beginsinitial statistical analysis?

May 1-May-15 All final statistics prepared, including plots, tables, and figures

May 15-May 30 Prepare report and submit to internal NERL review group for comments

June 15 Address comments from internal review group

June 25 Provide OAQPS with draft report.

Actual schedule for datadelivery wasdelayed. However, OAQPS also delayed i mplementation of samplersand
both schedul es then coincided.

Detailed initial results are forwarded to OAQPS at this point or earlier.
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Tablel-7. Fed Operations Sampling Schedule.

Sample Day Rubidoux Phoenix Philadelphia RTP

1 1/6/99 1/6/99 1/17/99 1/15/99
2 1/9/99 1/8/99 1/19/99 1/17/99
3 1/15/99 1/14/99 1/21/99 1/19/99
4 1/18/99 1/16/99 1/23/99 1/21/99
5 1/21/99 1/18/99 1/25/99 1/23/99
6 1/24/99 1/20/99 1/27/99 1/25/99
7 1/27/99 1/22/99 1/29/99 1/27/99
8 1/30/99 1/24/99 1/31/99 1/29/99
9 2/2/99 1/26/99 2/2/99 1/31/99
10 2/5/99 1/28/99 2/4/99 2/2/99

10 (blank) 2/9/99 1/29/99 2/5/99 2/5/99
1 2/11/99 2/3/99 2/8/99 2/6/99
12 2/14/99 2/5/99 2/10/99 2/8/99
13 2/17/99 2/7/99 2/12/99 2/10/99
14 2/20/99 2/9/99 2/14/99 2/12/99
15 2/23/99 2/11/99 2/16/99 2/14/99
16 2/26/99 2/13/99 2/18/99 2/16/99
17 3/1/99 2/15/99 2/20/99 2/18/99

17 (blank) 3/2/99 n/a n/a n/a
18 n/a 2/17/99 2/22/99 2/20/99
19 n/a 2/19/99 2/24/99 2/122/99
20 n/a 2/21/99 2/26/99 2/24/99

20 (blank) n/a 2/24/99 2/27/99 2/25/99
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Figure I-1b. Picture of the Andersen RAAS Sampler Deployed inthe Field at RTP.
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Figure I-2b. Picture of MetOne Sampler Deployed inthe Field & RTP. Left —Inlet, Filter Holders, and Meteorologica Sensor. Right-Pump
box.
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Figure 1-3b. Picture of the URG MASS Sampler Deployed inthe Fidd at RTP.
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Figure I-4b. Picture of the Filter Pogtion, Control Box, and Timer for One of the Three Modules of the IMPROVE Sampler as Deployed in
theFidd at RTP.
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Figure I-5b. Picture of VAPS Sampler Deployed in the Field a RTP. Left — VAPS Filter Box Showing XAD Denuder on Right and Sodium
Carbonate Coated Annular Denuder on Left. Right — Pump Box and Dry Gas Meters for Monitoring Flow.
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Figure [-9. Sampling Platform at Phoenix, AZ.
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Figure|-10. Philadephia Sampling Site. Top —Roof View. Bottom —View From the Road.

Part | Figures, Page 16



Figurel-11. Research Triangle Park Sampling Site.
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RESULTS
Quality Assurance Results

Performance Audit M ethods and Verification

As part of the overal field evauation of the candidate speciation samplers, periodic performance
evauations were conducted a each of the four sampling sites. Following theinitia cdibration of each
sampler and site ingtdlation, a pre-sampling eva uation was conducted to ensure that each sampler was
operating according to manufacturer’ s specifications. The pre-sampling evauation conssted of single-
point verification of each sampler’s operating flow rate and ambient temperature, and pressure
measurements.  Subsequent mid- and post-study performance evauations consisted of smilar
evauations. Pre-sampling audits were typically conducted approximately one day prior to the initiation
of Run 1, while the mid-study audit was conducted following Run 10. Thefind Ste audit was
conducted shortly after the last sampling period.

Flow Rate Audit Equipment

The flow rate audit conssted of a single-point measurement conducted at the operationa flow rate of
each channd for each sampler. Depending upon the sampler and the specific channel being audited,
one of two flow audit deviceswastypicaly used. A Chinook Engineering Streamline flow transfer
standard (FTS #980819) was used for the mgority of the channel audits. Prior to its purchase, the
Streamline FTS was cdibrated by the manufacturer against a set of precison NIST tracegble criticd
flow venturis. Following its purchase, its performance was verified in the [aboratory a RTI. The
second in field flow audit device used in this study was a Schiumberger dry gas meter. Its traceability
was established in the [aboratory using EPA Method 40 CFR6E0, Appendix A, Method 5, Section 7.

Barometric Pressure Audit Equipment

Laboratory calibrations and field audits of speciation sampler pressure sensors were conducted using a
PSI Tronix Modd PG 2000 digita pressure gauge. Laboratory vaidation of the Model PG 2000's
response was obtained using a certified mercury barometer previoudy adjusted to loca station
pressure.

Temperature Audit Equipment

Two ingruments were used for laboratory cdibration and auditing of speciation sampler ambient
temperature response. A Tegum Modd 847 thermo-cdibrator was used to calibrate and audit Type K
thermocouples used in some speciation sampler designs. Other samplers were audited using a Fluke
Modd 8022A digital multi-meter in conjunction with aMode 80T-150U temperature probe.
Tracesbility of the Fluke probe was established using a traceable Hewlett Packard quartz probe (SN
725A Modd 2833A).
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Fidd Audit Results

Results of the pre-, mid-, and post-study field flow rate audit results are summarized in

Tablell-1. Vauesare given for flow audit results that were outside of < 10% and > 10%, al others
are within £10% of the audit device. All flow channels were audited aswell as audits of dl temperature
and pressure measurement devices associated with each sampler. Pressure and temperature audit
results for the IMPROVE and VAPS were not obtained, since these devices do not measure these
quantities.

Asseeninthe Table l1-1, only 9 flow audit values were outside the range of < 10% and > 10%. This
represents less than 3% of the total number of possible flow audits. Of those outside the 10% range,
only three were greeter then 20%. The two highest values were associated with the Andersen sampler
and were gpparently due to mafunctioning flow sensors; athough the flow rates were likely correct.
However, since the actud flow rate was not known, these data were invaidated in the data archive.
Nineteen values fell in the range of +5% to 10% and (-5%) to

(-10%) of which 8 were associated with the IMPROVE sampler at the Phoenix site that used

25 mmfilters, thus, leaving only 11 vaues in this range overdl sampling lines.

Ambient pressure response of the speciation samplers was generdly acceptable with the mgority of
measured values within 5 torr of actud pressure. Occasiona relative biases in excess of 7 torr were
experienced with the Andersen and URG speciation samplers. Of the approximately 80 individua
audits, only one vaue exceeded 10% of the audit vaue.

Audits of the ambient temperature monitors associated with the speciation samplers indicated excdlent
agreement with the audit devices. All temperature audits, throughout the study, agreed to within 1.6 C
of the audit device or to within 5%.

Noted biases in sampler flow rates require additiond attention since they adversdly influence overal
sampler measurement accuracy to a greater degree than do biases in ambient temperature and pressure
response. Response problems with the Andersen’ s flow sensing module resulted in indicated flow rates
differing dramaticaly from audited vaues. Mean flow biasfor dl channdsin the Andersen samplers
over al steswas +2.9% with a standard deviation of gpproximately 23%. |n particular, the two
Andersen speciation samplersin Rubidoux experienced higher flow varigtions than the other three Sites.
In one extreme instance, abiasin theindicated flow rate of +168% was observed. However, since the
Andersen sampler uses critica flow orifices, the actua flow rate was likely within acceptable limits of
the channd’s design value. When making post-sampling caculations incorporating the sampler’s
indicated flow rate, however, biasesin indicated flow rates will result in calculated biases in species
concentrations.

Flow ratesindicated by the Met On€e s five sampling channdls generdly agreed well with the audit
values. Mean flow biasfor dl channels at al steswas -0.6% with a sandard deviation of only 1.2%.
A maximum indicated flow bias of -4.3% was observed during the entire study for the Met One
Speciaion sampler.

Part 11, Page 2



Flow problems were initidly observed with the URG MASS 400 sampler due to limitations of the
sampler’s pumping system in conjunction with the inherently high pressure drop associated with use of
the nylon filter in the Teflorn/nylon filter pack. This problem was corrected by the manufacturer by
adding a second pump. Following the correction of the system’ s flow design, mean flow bias for the
URG sampler was -0.9% with a standard deviation of 2.0%.

Unlike the previous three samplers, the IMPROVE sampler does not provide a direct reading of
sampling flow rate. For purposes of the audit, therefore, biases are expressed in the audited flow rate
relaive to the design flow rate of 23 Ipm. Flow audit results showed that the sampler’ s actud response
agreed well with the design value. Mean flow bias for the IMPROV E sampler was -0.6% with a
gtandard deviation of 2.6%. Maximum flow biasin the IMPROVE sampler during the study was -
13.3%.

Similar to the IMPROVE sampler, the VAPS sampler does not provide an instantaneous reading of the
flow ratein liters per minute. Inthe VAPS, dry gas meters are used to indicate integrated sample
volumes over aknown time period and the mean flow rate isthen cdculated. At Rubidoux, Phoenix,
and RTP measured flows agreed well with the audit flow rates, while a Philade phia flow bias was
more variable, particularly near the end of the sampling program. Mean flow biasfor the VAPS
sampler at al steswas +2.4% with a standard deviation of 5.7%.

Averaged over dl four stes, the PM, s FRM samplers provided the lowest overal flow biaswith a
mean vaue of -0.1% and a standard deviation of 2.7%. Deviations were consastently low at dl stes
with average measured biases of -0.5%, +0.2%, -0.3%, and -0.1% observed at Rubidoux, Phoenix,
Philadelphia, and RTP, repectively.

Limits of Detection

Tablell-2aligs the limit of detection (LOD) for each species and the anaytical methods used to
determine the species concentrations. The LOD for massis determined based on Federal Reference
Method procedure (40 CFR, Part 50, Appendix L). The LOD sulfate, nitrate, and ammonium based
on 3 time the noise in the basdline noise in the chromatogram since field blanks were non-detectable,
whilefor OC and EC it is based on three times the standard deviation of the field blanks. XRF limits of
detection are based on propagating errors associated with the anaytical method and flow rates. In
generd, LOD vaues were within the expected ranges.

Fied Blanks

Two field blanks were collected at each site for every channd in dl samplers. Filter samples used for
field blanks were handled in the same manner asfilters used on regular sampling days, however, the
filters were loaded and unloaded a few minutes later and the sampler was not turned on for field blanks.
Table 11-2b summarizes average field blank data by sampler averaged across Sites, aswel asthe
standard deviation of the 10 blanks taken on each sampler over dl stes. On the average, for the mgjor
goecies (those listed in pug/n?), fidd blank values were close to the limit of detection for the andytical
method employed and in virtually al cases|ess than the associated uncertainty of the measurement.
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Precision

Precision results, as coefficient of variation reported in percent (CV%), are presented in Table I1-2c.
Precision estimates were obtained from collocating samplers a the Rubidoux site for dl sampling
periods. These precison data are limited, thet is, they provide a set of data for one time period and
under one set of atmospheric conditions. Nonetheless, they provide important information needed to
evauate the samplers performance relative to each other. In generd, precison vaues are in the range
expected from past experience. For the mgjor species, the CV% is typicaly less then 10 percent,
except for particle nitrate which is less then 20 percent. Trace eements have reported precision
edimates that are typically lessthen 20 percent, except S which has reported precison vauesin the
range of 20- 30 percent, which may be due to the higher uncertainty in the fidld blank data (Table 11-
1b). The causefor the higher precison vaues for OC measured on the IMPROVE sampler, reldive to
the other samplers, has not been determined.

Data Validation

Level 1a Data Validation

The contractor managing the field and laboratory operations was responsible for vaidating the data
through Leve 1a Thisfirgt vaidation process occurred during al phases of [aboratory and field
operations. As part of field operations, Ste operators were first reponsible for ensuring that samples
received from the preparation laboratory were complete, properly labeled, and correctly matched the
entries on the supplied field data sheets. Following sample collection, the Site operator was responsible
for ensuring that pertinent run data were entered on the field data sheet with particular attention given to
records of atypical sampling events such as unusua westher conditions, sampler malfunctions, or
unusua Ste conditions. The Site operator dso was responsible for ensuring that dl collected field
samples were properly labeled, packed, and accompanied by the completed field data sheets and chain
of custody records.

Upon receipt of the collected field samples at the [aboratory, the sample cooler was carefully unpacked
and inventoried to ensure that al samples, field data sheets, and chain of custody records were
correctly received. Personnel responsible for sample retrieva dso were responsible for recording
unusual observations associated with the samples, such astorn filters, improperly loaded filter cassettes,
etc., which might adversdy affect data qudity. All field data sheets were then trandferred to the Data
Manager who inspected the sheets for completeness. Missing or sugpect information on the field data
sheets were brought to the attention of the Program Manager who was then responsible for contacting
the appropriate Site operator to obtain the correct information. Once each data sheet was inspected,
the data manager manually entered the field data into the appropriate Soreadsheet for subsequent
andyss. Asinadl phases of data entry, the Data Manager was respongble vaidating data entry and
correcting errors due to transcribing information from hard copy to digital formet.

The Data Manager dso was respongble for collecting and vaidating analysis results obtained from each
of the andlytical laboratories responsible. Data received were entered into the appropriate spreadsheet
and ingpected for possible outliers. 1f suspect data could not be resolved with accompanying notes
from field or laboratory data sheets, the appropriate analytica |aboratory was contacted and asked to
verify the reported results. If the andysis results could not be resolved through review of the anaytical
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or reporting procedures, the Laboratory Manager would be contacted to determine if re-analysis of the
suspect sample would be appropriate.

Potential data outliers that could not be adequately resolved at this point were brought to the attention
of the Program Manager. Based on discussions with site personnd, [aboratory support technicians,
and the Data Manager, the Program Manager was then responsible for determining the vdidity of the
data under review. Oncethe Levd lavdidity of dl datawas performed, the data set was formally
released to EPA for Level 1b and Leve 2 data validation and subsequent interpretation.

A complete listing of Level 1adata vdidation commentsis given in Appendix C.

Level 1b Data Validation

EPA scientists were responsible for Level 1b data vaidation (Single variate comparison of the data).
Firg aprintout of the data set was scanned visually on a site-by-site, sample-by-sample, anayte-by-
andyte, run-by-run basisto identify obvioudy anomaous vaues. For each anomaous vaue identified,
the laboratory and field records associated with that sample were examined to see if there was an
explanation that would permit the vaue to be elther adjusted (e.g. transcription error, incorrect units,
etc.) orinvdidated. A computer scan also was conducted on the data set to identify values that were
lessthan 5 timesthe MDL for that andyte. The vaues were to be excluded from the Satistica analyss
because of the greater uncertainty associated with data near the limits of detection. The remaining data
were consdered vdid for thisanayss.

Level 2b Data Validation

Data have been validated through Leve 2b through continued diagnostic and interpretive data analyss
(see Part 11 results and discussion). Thisincludes multi-variate analyses in space and time where
appropriate and cross-comparisons to other samplers, in the case of thisstudy. Physical relationships
among variables were aso reexamined among samplers.

Data Capture

Table 11-3 summarizes the percent vaid data capture (at data vaidation Leve 2) for each sampler by
groups of species collected on the same filter. The shaded boxes in the table indicate vaid data capture
less than 90% percent. The Andersen sampler had better then 94 percent valid data capture &t all Sites
for dl analytes. The FRM, IMPROVE, and MetOne samplers o dl had excellent valid data capture
with most over 95 percent, but afew were aslow as 85 percent. Only the URG and VAPS samplers
had data capture below 80 percent. The low percentages for the URG are likely do to flow problems
asociated with the flow through the MASS 400 sampler. The pump initidly ingtaled with that sampler
was unable to pull 16.7 Lpm through the Teflon/nylon filter pack. Flow rates on the order of 9.5 Lpm
were noted. This problem was noted during the initid days of Phoenix and Rubidoux, the first two Stes
ingtaled. As can be seen, the problem was quickly solved by URG and better data capture was
achieved at Philadelphiaand RTP. The overdl poorest data capture was observed on the VAPS
sampler. Operationd problems are discussed later in this report.
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Problems resulting in loss of data are presented in detail in Appendix C. Sampler specific problems are
summarized in Table I1-4. Problems with sampler operations were brought to the atention of the
manufacturer as soon as they were identified so they could be corrected as soon as possible. For
example, with the Andersen the indicated flows were not stable and often reported vaues different from
the audit flow; the lack of performance with the URG pump achieving only 60 percent of the desired
flow due to the added pressure drop of using a Teflon/nylon filter pack, and the coarse particle
penetration observed with the MetOne sampler. In all these cases and others, the manufacturer
attempted to solve the problem as expeditioudy as possble. Andersen has subsequently upgraded their
flow indicator system, URG has ingtdled alarger pump on their new units, and MetOne has devel oped
anew inlet based on the Sharp Cut Cyclone (BGI) (Kenny et a. 1999).
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Chemical Characteristicsof PM , 5

Chemical Components Reported in the 4 City Study Database

Atmospheric particulate matter in the PM,, 5 Size fraction was collected on al samplers as discussed in
the introduction. Coarse particle mass aso was measured by the VAPS sampler. Mass and mgjor and
trace chemical components were determined for each sampling period and sampler. Methods are
described in the Introduction. The mgor components include PM, s mass, sulfete, nitrate, ammonium,
organic carbon, and eementa carbon. We limited the andysis of trace chemica componentsto afew
species to alow for a manageable data base and because many of the species measured by XRF are
often below the limits of detection for ambient samples by the XRF method. Aswell, to parform a
meaningful comparison among samplers, species concentrations needed to be at least 3 to 5 times their
limit of detection and present on al or at least most samplers smultaneoudy. XRF data reported by the
laboratory, therefore, were limitedto S, S, K, Ca, Mn, Fe, Zn, Cu, As, and Pb, knowing a priori that
these dements were the most likely to be observed above the limit of detection most of the time.
Subsequently we have limited the data base further by minimizing our use of Mn, Cu, As, and Pb, due
to their low levels (i.e., Snce significant number of vaues for these species are reported below the
methods limit of detection). The complete database, including Mn, Cu, As, and Pbisprovided in
Appendix D and D1 for replicate data a Rubidoux.

It dso isimportant to note that sulfur measured by XRF times three was in very good agreement with
sulfate measured by ion chromatography. This comparison was done using data from the FRM, thus,
sulfur by XRF was determined from Teflon filters, while sulfate by IC was determined using quartz-fiber
filters. Theratio (S*3/SO,™ ranged from 1.06 a Rubidoux to 1.01 at RTI. Thisaso indicates that
Teflon or quartz-fiber filters are suitable for the measurement of SO,~ in PM,, 5 samples under the
conditions of this experiment.

PM , s and Chemical Components Collected by the FRM

One of the requirements of this experiment was to collect chemicaly speciated PM, s samplesin
different regions of the country where we would expect to sample different chemica atmospheres, as
described in the Introduction of this report. The purpose of this wasto stress the samplers over as
wide arange of PM,, 5 chemicd composition as possblein alimited timeframe. To examinethe
success of meeting the above requirement we describe below the generd chemica characterigtics of the
datausing the PM,, s FRM data as a reference, noting the possibility that the aerosol nitrate measured
on the PM,, s FRM Teflon filter and the organic carbon measured on the PM, s FRM might be biased
low due to volatilization of ammonium nitrate or organic compounds, respectively, during sample
collection and storage or the organic carbon might be biased high due to positive sampling artifacts. A
more thorough discusson of the chemicd characteristics of PM, ;. mass and composition observed
during this 4-City study are given in Tolocka et d.(2000).

Average concentrations of PM, ; mass and chemica components as measured by the FRM samplers

aregivenin Table1-5. These data do not include the first two days of sampling a each of the Sites, as
they were considered shakedown periods. Mass and trace e ements were determined from the sample
collected on the Teflon filter, while ions and OC/EC were determined from the sample collected on the
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quartz-fiber filter. Average PM, 5 mass concentrations ranged from 11 pg/m?® a RTP to 28.4 pg/n? at
Rubidoux. Standard deviations about the means ranged from about 5 pg/m a RTP to 20.6 pg/nt,
indicating congderable day-to-day variahility at each ste. Maximum vaues at each Site were about
twice the mean, except a Rubidoux where the maximum vaue was about three times the mean. Of the
possible 20 samples that could be collected at each site, except Rubidoux, which had a maximum
number 16, 12 vaid samples were collected at Rubidoux, 17 at Phoenix and Philadelphia, and 16 at
RTP. Reasonsfor lost samples were discussed earlier and are summarized in Tables [1-4 and
presented in detail in Appendix C.

Asistypicaly observed, the most abundant species, of those measured, were NO5', SO,~, NH,*, OC,
EC, and S, Fe, and Ca; dthough relative abundances varied from site-to-site. For example, OC was
the most abundant species at dl stes except Rubidoux, where nitrate was the most abundant species at
11.8 pg/m? Nitrate was lowest at RTP at 0.7 pg/m?® as expected, with moderate values a Phoenix and
Philadelphia. Also as expected, SO,~ was highest at the east coast sites around 3-4 pg/m?® and lowest
at the western sites, in the range of 1-2 pg/m® At Philadelphia and RTP, SO,~ was the second most
abundant species. In generd, the other species, primarily Fe, Ca, and S accounted for less than atotd
of 1 ug/n?, not adjusting for their oxide form.

Frequency digributions areillustrated in Figures 11-1 for the mgor species as measured on the FRM
using box and whisker plots. These plots show the average, median, 25%, 75%, 5%, and 95% vaues
observed in the database. Each plot shows the data for asingle species a dl four sitesto alow for
easy comparisons between Stes. Note, the scaes are different on each plot, so care should be taken in
comparing among the different species. These data help to show the variability of the concentrations
from dte-to-gte and by species. Except for sulfate, lowest concentrations of al variables shown in
Figures1l-1 are observed in RTP. Highest values were observed at Rubidoux for mass, nitrate,
ammonium ion, and calcium with the largest variability, aswell. Phoenix had the highest OC and Fe
concentrations, al with equivadent variability for a given species. Under the conditions observed during
this study, nitrate, OC, EC, and crugtal related elements gppear to be high in the western part of the US
then in the east. On the other hand, sulfate clearly dominates the east coast PM,, 5 aerosol. Ammonium
ion ismore complex asit is associated with both nitrate and sulfate.

A rough mass baance of the collected aerosol can be obtained by adjusting OC for missing hydrogen
and oxygen atoms to obtain organic materia and mgor eements (Fe, Ca, and S) for missing oxygen
atoms. Here, OC is adjusted by multiplying OC by 1.4 and Fe, Ca, and S are adjusted by multiplying
by 1.43 for an estimate of Fe,0O,, 1.4 for an estimate of Ca0, and 2.14 for an estimate of SO,
(Solomon et d., 1989, Eldred et d., 1998). The sum of Fe, Ca, and S oxides provides an estimate for
crustd materid, dthough thisis alow estimate because Al, Mg, and Ti oxides dso are used typicdly in
obtaining an estimate of crustal materid (Solomon et d. 1989, Chow and Egami, 1997). Other species
are used directly with no adjustment. Table 11-6 presents the results of the mass balance calculation,
while Figure I1-2 illustrates the results grgphically. Asindicated above, nitrate was the most abundant
species at Rubidoux accounting for about 40% of the mass, followed by organic materia (27% of the
mass), while organic materid was the most abundant species a the other three Sites, ranging from 4.8
to 10.7 pg/m? or 31% to 53%. The highest organic materia concentrations were observed a Phoenix
10.7 pg/m?® or about 53% of the measured mass. Sulfate was highest at the east coast Sites accounting
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for nearly a quarter of the mass on average between the two sites. Sulfate was a factor of two to four
lower at the western Sites, accounting for only about 5% of the measured mass. At dl gtes, the
edimated crustal materia represented only aminor fraction of the total mass, ranging from only 0.3 to
1.2 pug/m? or about 2% to 6% of the measured mass. The coarse particle data collected by the VAPS,
however, indicated high coarse particle loadings in Phoenix (41% coarse/PM 10 ratio) as opposed to
the east coast Stes where the coarse/PM 10 ratio was around 20%. In fact, at Phoenix, the

coarse/PM 10 ratio exceeded 50% on three occasions, while at the east coast sites the ratio only
exceeded 30% once.

The sum of the components are compared to the measured mass in Table I1-6 for the FRM samples
collected at each Ste. Except for Phoenix, it gppears that within the error of the measurements the sum
of the components accounted for the measured mass. In actudity, there islikely an over accounting of
meass as the water associated with the particles has not been included in the sum of the components. At
Phoenix, the difference between the sum of the components and the measured massis even larger.
Over edimates of the measured mass at dl Sites may be due to the use of collecting and measuring the
components of PM mass on different filter mediato dlow for chemica characterization of the mass
(i.e., potentid pogtive artifacts associated with using a quart-fiber filter such as the filter collecting
HNO; or gas phase semi-volatile organic materid) or the use of an acid denuder in the Teflon filter
channel as opposed to the other channel that did not use a denuder. For the latter, it is possible that 1)
particles are being lost in the denuder (reducing the measured mass), 2) thereis a shift in the NH,NO;
equilibrium due HNO; free air are passng over the Teflon filter during sampling (reducing nitrate
concentrations on the filter, thus reducing the measured mass), 3) another reason till to be established.

Results presented in this section indicate that the sampling locations used in this study met the objective
of sressng the samplers with different chemica and meteorologica ambient aamospheres. As
anticipated, Rubidoux had high nitrate with moderate to high carbon, Phoenix had the highest crustdl
materia with high organic materid and moderate nitrate, Philadelphiaand RTP had high sulfate, RTP
had low nitrate aswell asthe lowest overall concentrations for PM. The only unexpected result,
relative to past measurements, was the reatively high concentration of nitrate at Philadelphia. However,
most past measurements in the east have occurred during summertime conditions, when the NH,N O,
equilibrium would be shifted to the gas phase. During the winter, under conditions of this experiment,
the equilibrium would be shifted to the particle phase, assuming sufficient anmoniais avalable (seefor
example, Russdll et d. 1983; Solomon et d. 1992; Hering and Cass, 1999).
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Volatilization of Aerosol Nitrate

Ammonium nitrate in ar exists in dynamic equilibrium with nitric acid and ammonia (Rus=l & d. 1983).
This equilibrium is dependent on temperature, relaive humidity, and the ambient concentrations of nitric
acid and ammonia. When collecting on afilter, this equilibrium aso is dependent on the pressure drop
across the filter (face velocity or flow rete for filters that are the same size) and the air temperature that
exigsin the sampler around the filter (Hering and Cass, 1999). For the chemica speciation samplers
used in this study, aerasol nitrate, with minimum bias, is measured either directly or by the sum of nitrate
measured on two filters. For reference, see Figures1-1to I-5. The direct method, used by the
Andersen, MetOne, and IMPROVE samplers, uses areactive filter (nylon) behind either aMgO
coated annular denuder (MetOne, Andersen) or a Ng,CO; coated annular denuder IMPROVE (see
Figuresi-1, I-2, and I-4). The nylon filter is an efficient snk for HNO;; and therefore, aerosol nitrate.
The nylon filter is extracted and nitrate is determined by ion chromatography. In the second approach,
used by the URG and VAPS samplers, aerosol nitrate is collected by a two-stage filter pack located
downstream of aNg,CO; annular denuder. The two-stage filter pack consists of a Teflon filter
followed by anylon filter. The front filter collects particles, while the nylon backup filter collects nitrate
that has volatilized from the Teflon pre-filter (see Figures1-3 and I-5). Higtoricdly, the Teflon and
nylon filtersin afilter pack of this type would each be extracted separately and andyzed for nitrate by
ion chromatography. The sum of the measured nitrate on the Teflon and nylon filter should be
equivaent to the nitrate measured on just the nylon filtersin the direct method. However, in the design
used in these two speciation samplers, the Teflon filter is andyzed by vacuum XRF. It was believed,
and subsequently proven, that aerosol nitrate, assumed to be in the from of ammonium nitrate, would be
lost during the XRF analysis (see discussion below). Therefore, in this study, nitrate was measured on
the quartz-fiber filter collected smultaneoudy and aso andyzed for OC. This nitrate was added to the
nitrate measured on the back-up nylon filter.

Voldilized nitrate (NO;V) is determined in asmilar manner as aerosol nitrate, but the direct method
now appliesto the URG and VAPS samplers. For these samplers, NO,V is measured directly from
the nylon back-up filter (see Figures -3 and I-5). For the other samplers (Andersen, MetOne, and
IMPROVE), NO,V is determined as the difference between nitrate measured on the nylon filter behind
the denuder and nitrate measured on the Teflon filter (see Figures|-1, 1-2, and |-4). Tablell-7
presents the average volatilized nitrate concentrations for each site by sampler as measured under the
conditions of this study. Also given are the average temperatures for each Ste over dl study days, as
well as the average maximum temperature for al sampling days. For reference, average nitrate over all
samplers and periods a agiven steisincluded with the number of samples (n) in the average. Findly,
nomina flow rate data are provided for the channels where volatilized nitrate concentrations were
determined.

Asshownin Table [1-7, absolute concentrations of NO;V measured on each of the samplers at agiven
ste were smilar with the mogt variation observed a Rubidoux. On the average, volatilized nitrate only
exceeded 1 pg/ne a Phoenix, where average and maximum temperatures were higher then at the east
coadt sites, dthough the same as a Rubidoux. However, volatilization islikely less a Rubidoux dueto
the large amounts of ammonia trangported to that ste from the up-wind dairy farms (Russell et d. 1983,
Solomon et al. 1988; Solomon et a. 1992). Absolute values at Phoenix were on the order of 1.5
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ug/im?; however, that represented about half of the total particle nitrate measured. Relative to total
particle nitrate, less then 10% of the nitrate was volatilized from Teflon filters at Rubidoux (note,
Rubidoux has extremely high ammonia concentrations) and Philadel phia, where the coolest
temperatures were observed. At RTP, about haf of the totd particle nitrate was NO;V; however,
nitrate levelsin generd were low at RTP (average of about 1 pug/n) so thereis greater uncertainty in
the data.

Flow rates ranged from 6.7 Ipm to 22.7 Ipm through the Teflon filters where nitrate was measured. No
gpparent affect due to flow rate (face velocity or pressure drop as dl samplers use the same diameter
and type of filter in this andyds) can be observed in the datafor NO;V. however, vaues are low and
the uncertainty is likely too high to be able to observe a meaningful trend.

Findly, an etimate of PM, s massis provided in Table I1-7 for comparison to the amount of NO,V.
Theratio of NO;V to PM, s massdsoisgiven. As can be seen, under the conditions observed during
this study, volatilized nitrate represented only asmal fraction of the total PM, s mass e al sites, ranging
from less than one percent at Rubidoux to about eight percent at Phoenix, where the highest absolute
values were observed.

Statistical Analysis

In this section, data are presented and described in severd ways to provide the reeder flexibility in
interpreting the data beyond what we present. Data are presented as means, in time series, regressons
relaive to the FRM, differences relaive to the FRM, and with the gpplication of the t-test. The entire
data baseis given in tabular form in Appendix D and D1, time seriesin Appendix E, scatter plots with
trend linesin Appendix F, and absolute and percent differencesin Appendix G.

Means of PM , s Massand Major Chemical Components

Average concentrations (in ug/n?) for dl samplers, a al stes, for PM, s mass and the major
components of PM, ¢ (sulfate, nitrate, ammonium, EC, and OC) aswell as S, K, Ca, Fe, and Zn are
givenin Table1-8. Means are cdculated only for sample sets for a given species and sSite when vaid
data were available on al samplers a that Site, thus, for the FRM, there are fewer valuesin the
averagesin Tablel1-8 thenin Table11-5.

Explanations of Anomalous Data

Data were reviewed and checked againgt field and laboratory logs. Where problems were indicated in
the logs, the data were removed or adjusted asindicated. Thus, data that were identified due to known
physical problems with the samplers or with the chemicd analys's (see Table 11-4 and Appendix C)
were removed from the data. In anumber of cases, filters were re-analyzed to vaidated or invdidate
suspect dataif no physical reason could beidentified. Other inconsistent data (i.e., data that appears
as an outlier from the bulk of the data) remain in the data set, as no direct reason could be established
toindicateit asinvaid. Detailed flow audit results indicate very few problems as described earlier. The
exceptions include five cases where the indicated flow on one channel of the Andersen sampler differed
from the audit value by more then 10 percent; one case where one of the FRM samplers differed by
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more then 10 percent; and two cases where one channd of the IMPROVE differed form the audit
vaue by more then 10 percent. Of these, only three vaues differed by more then 15 percent.

The shaded datain Table 11-8 indicate average va ues that are inconsistent with the corresponding
vaues obtained by the other samplers. Reasons for these inconsistencies for most of the data are given
below. All data presented in thisreport are vaidated to Leve 2b, that is, multi-variate andyses of the
data have been conducted.

This section atempts to explain or at least suggest possible reasons for some of the inconsstent data
remaining in the database that is presented in thisreport. It isimportant to clarify these points before
moving on to the rest of the statistical andysis sections to help explain the results. The entire data base
isgiven in Appendix D for repesat 1, with replicate data at the Rubidoux site given in Appendix D1.

Mean vaues presented in Table [1-8 for PM, s mass for the MetOne sampler a Rubidoux and Phoenix
appear to be high. Thisis believed to be due to the passage of coarse particles through the spird inlet
at relatively high coarse particle loadings (see Figure I1-2 and Table 11-6 for coarse particle
concentrations observed at each Site). Thisaso isillugtrated in the datafor Si, Ca, and Fe, which are
pecies typicaly associated primarily with soil dust and in the coarse particle mode of the atmaospheric
aerosol (Chow et d. 1996). Silicon, Ca, and Fe are considerably higher for the MetOne at these Sites
then for the FRM, confirming coarse particle penetration. Recent test by Peters et d. (2000) indicate
that the efficiency curve of the Spira Impactor is somewhat more shalow than the FRM and may
experience particle bounce problems for large particles. Asadirect result of this 4-City sudy, MetOne
has replaced the spird inlet with a sharp cut cyclone (BGI) (Merrifidd, persona communication) and
results of a study conducted by MetOne of the new inlet compared to the FRM are presented in
Appendix H. Peterset d. (2000) included the BGI sharp cut cyclone in their evaluation as well, and
the efficiency of the cyclone was much closer to that of the FRM (see Appendix | for adraft of Peters
et a. 2000).

At Rubidoux, PM, s mass by the URG sampler seemsto be high rdlative to the FRM aswell. Looking
a individua vaues, there appearsto be a consgtently high bias at the higher mass concentrations, with
lower concentrations being essentidly equivaent. This difference needs to be investigated further,
because it was not observed at the other Sites. The VAPS sampler a Rubidoux aso appears to be
high relative to the FRM, Andersen, and IMPROVE samplers. As explained above, the collection jet
for the VAPS was |eft out after the first sample, thus, both the fine and coarse particle legs of the
VAPS essentidly collected PM,,. Thisdid not result in alarge bias for dl species, just for nitrate and
the crustal related elements (S, Ca, and Fe). Thisis reasonable as most of the other species are
primarily observed in the fine particle mode. Note, the same observation istrue for the MetOne
sampler, verifying that under the conditions of this sudy, SO,~, NH,", EC, OC, and most of the nitrate
are primarily found in the fine particles.

The mean elementa carbon concentration reported for the primary IMPROVE sampler at Rubidoux
gopearsto below. Thisisdueto low vauesreative to the FRM and the collocated URG sampler for
sampling periods from1/15/99 to 2/2/99. The replicate sampler concentrations are more in line with the
other samplers a Rubidoux, with an average vaue of 2.7 ug/m3. It ispossble that alesk occurred
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during sampling that was not corrected until the mid-study audit, however, the audit results are well with
in 10 percent, the audit criteriafor sampler flow rates. The dataremain in the data base as vdid data

The mean organic carbon concentration reported in Table I1-8 for the primary Andersen sampler a
Rubidoux are high relative to the other samplers. All individua vaues for that sampler are high, while
the replicate gppears to in line with the other samplers during dl sampling periods. Qudlity assurance
checksindicated that the flow rate reported by the sampler was afactor of about 2 lower then the
measured audit flow rate. Andersen Instrument Company (W. Davis, persond communication) has
subsequently noted a problem with the reported indicated flow and has modified (upgraded) their
system accordingly. Vdidation will occur during the Atlanta field program this August. The replicate
OC datawere used in place of the primary samplers OC data. The higher value for OC by the
Andersen sampler at Phoenix gppears to be due to a systematic bias. Audit dataindicate the indicated
flow rate was high, therefore, the concentration would be low by ten percent.

High crustd related trace elements (Fe, S, and Ca) for the VAPS samplers at Rubidoux and Phoenix
suggest that the cutpoint (dope and 50% collection efficiency) of the VAPS sampler is not as efficient
as the other samplers. By design, the WINS impactor associated with the FRM and used in the URG
Speciation sampler have steeper dopes then the VAPS virtua impactor (Peters and Vanderpool,

1996). Additiona studies are needed to confirm if the dope in the efficiency curve for the VAPS virtua
impactor isthe reason for the higher values for the crustal related trace elements at these Steswhere
there was sgnificant coarse particle loadings, rdative to Philadelphiaand RTP.

Comparison of Means Among Samplers

Mean vaues for PM, s mass and the mgjor chemical components are presented in Table [1-8 by
Species, Ste, and sampler to dlow for comparison of individua species among each of the samplers and
across Stes. Means are calculated pair-wise when al samplers reported a value and the firgt two days
were not included in the average as they were consdered to be the shake down period at each Site.
Thus, the number of samplesin the average is somewhat lower than the 20 attempted. It isreadily
gpparent, with the exceptions mentioned above and highlighted in the table, that dl the samplers agree
within reasonable expectations (based on the precison data) with each other; dthough red differences
among the samplers exist for organic carbon and nitrate. Mass for example ranging from 10 to 20
ug/im? typicaly only has absolute differences among the samplers of about 1 pg/m?, exdluding the few
exceptions noted above, i.e.,, the VAPS, which uses avirtual impactor and the MetOne, which used the
spird inlet that has subsequently been shown to adlow coarse particle penetration (Tom Merrifield,
MetOne, persond communication). Differences for most of the other mgor components (sulfate,
ammonium, and EC) are on the order of afew tenthsto 0.5 pg/m?® and typicaly on the order of 10 to
20 percent for most species. Nitrate and OC appear to be the most variable with differencesin the
average vaues ranging from 1-3 pg/m?® and 1-4 ug/n?, respectively. However, the IMPROVE sampler
tends to produce lower ammonium vaues on average a dl Stes then the other samplers, dthough it is
not alarge practica difference. This may be due to attempting to collect a basic substance on abasic
meaterid; ided for collecting and maintaining acidic species, but not basic species, such as ammonia, one
of the volatilization products of ammonium nitrate. Differences observed for OC will be discussed
below in the Organic Carbon section (Section F, Organic and Elementa Carbon). Nitrate tendsto be
higher a al four sitesfor the URG and VAPS sampler and low for the IMPROVE sampler at Phoenix.
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Reasons for these differences will be discussed below under the nitrate section (Section E, Aerosol
Nitrate). Trace element concentrations are typically within 0.1 pg/m? or less. This agreement and the
effect of potentid outliersin the data will be seen more dearly in the sections that follow.

Comparison To Performance Criteria

EPA’ s Expert Panel on Chemica Speciation met in May 1999 to review the draft Guidance Document
for Chemica Speciation (EPA 1999) and provide comments on results from the Chemical Speciation
Sampler Evauation Study described in thisreport. The Expert Panel provided recommendationsin
June 1999 (Koutrakis 1999) and afina report in August 1999. Recommendations for the Chemical
Speciation Sampler Evauation Study included suggested performance criteria by which to judge the
relaive performance of the individua samplers on a species-by-species basis relative to a sampler
designated as the rlative reference. Performance criteria were given for mass, sulfate, nitrate, and
ammonium. Performance criteriafor OC and EC were not recommended due to the poor
understanding of how to collect OC with minimal bias. Performance criteria were not established for
trace dements. However, results from this study should help to define performance criteriafor future
studies and uses of the speciation samplers.

The expert Pandl established the following performance criteria: for mass, particulate nitrate, and
ammonium ions, the ratio of the test sampler to the relative reference should be 1 £ 0.1 with alinear
regression correlation coefficient (R?) of  0.9; while sulfate should have aratio of 1 + 0.05 and a R of
0.05. The precision data (Table 2c) suggest the performance criteria established by the Expert Panel

is, in generd, reasonable. However, aratio of 1 + 0.15 might be more reasonable for particle nitrate
and organic carbon. Based on the precison datain Table 2c, performance criteriafor the other species
could be suggested and would be in the range of 1 £ 0.15 for OC, EC, K, Ca, Fe, Zn, while S and

Mn might have criteriain the range of 1 + 0.25.

Table 11-8b presents the ratio of each speciation sample relative to the FRM for al mgor species and
most trace species. OC is given redive to the VAPS OC measured on a quartz-fiber filter behind the
XAD denuder. In generd, the Expert Panel’ s performance criteria were obtained for the four EPA test
samplers (Andersen, MetOne, IMPROVE, and URG) a Philadelphia and RTP, where the coarse
particle loadings were low, temperatures were low, or concentrations were low; athough afew
exceptions are noted for nitrate and ammonium ion. The URG samplers exceeded the performance
criteriafor mass, sulfate, particulate nitrate and ammonium ion in ether or both Phoenix and Rubidoux;
athough for sulfate the ratio was only 1.06 and likely well within acceptable error of the 5%
performance criteria. Positive bias was indicated for mass, sulfate, and particle nitrate and negative bias
for anmonium ion. The MetOne sampler exceeded the performance criteria for mass and sulfate at
Phoenix and Rubidoux and for ammonium ion a Phoenix; athough the MetOne was acceptable for
nitrate a Phoenix, suggesting an individua problem a Phoenix for anmonium. Theratio for the
IMPROVE sampler was low &t al sites for ammonium and exceeded the performance criteria at
Rubidoux, Phoenix, and Philadephia.

Given the performance criteria suggested above for the other species, the data are mixed with samplers
meeting the criteria at some Sites for one species, but not for another. However, in generd, most ratios
fal within 20% of 1 for al species and samplers with afew exceptions. For example, OC exceeds
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even this criteriaat most sites and for most samplers. However, as discussed below, thisislikely dueto
differences in face velocity through thefilter or pressure drop acrossthefilter. Aswell, crustd related
elements far exceed the criteriafor the MetOne sampler, due to the inlet/fractionator problems noted
edlier.

Time Series Analysis

Time series of dl the data are given in Appendix E with examples given in Figure 11-3a-i for mass,
aulfate, nitrate, ammonium, OC, EC, S, Ca, and Fe. These species were chosen asthey represent the
magjor components of the PM,, s mass and the indicators for crustal materid (S, Ca, and Fe) typicaly
associated with coarse (>PM2.5 um) particles. Prior to this, results from the VAPS sampler a
Rubidoux have been included to show the identified problem with that sampler. For the time series
andysis, the VAPS data at Rubidoux have been removed. At this point, it was our intention to remove
the data for the first two days of sampling, as these were considered shake down periods, however, the
first two days of dataremain in the time series plots for mass, sulfate, nitrate, and ammonium, but have
been removed from the plots for the other species. Thus, the reason for the different sample numbersin
the time series plots. Thefirst two days of datafor al the species have been removed for analyses that
follow (i.e, regresson andyss, difference andysis, and t-test) for al species.

In examining the time series plots it isimportant to take note of the range of concentrations observed at
each dite, asthere is considerable variability among the Sites, as noted earlier in the discussion about the
means. PM,, ; mass exceeded the 24-hour PM,, s standard of 65 pug/m3

only once during the study & Rubidoux.

The time series plots show generdly good agreement among the samplers for the mgor species, noting
the exceptions mentioned earlier under the discussion of the means. In generd, data for a given site and
species tend to increase and decrease together; athough at some locations and for certain speciesthere
is consderable scatter among the samplers (e.g., nitrate at Phoenix and the OC data at al stes). A
more detailed discussion of how the samplers compare and the relative biases observed among the
samplersis given in the next section on regression anayss.

Regression Analysis

Regresson andlysis, dopes, intercepts, and correlation coefficients were obtained for each species and
sampler againg the FRM. Reaults of thisanalyssfor dl sites and species are illudtrated in scatter plots
in Appendix F with examples given in Figure l1-4ai for mass, sulfae, nitrate, ammonium, OC, EC, S,
Ca, and Fe. These species were chosen as they represent the mgjor components of the PM, s mass
and areindicators of crustd materid (S, Ca, and Fe). The scatter plotsinclude aregresson line
through the data, where the intercept is dlowed to float (i.e., not set to zero). Table 11-9 providesa
complete liting of the dopes, intercepts, and correlation coefficients (square root of the R2 vaue given)
for al species (excluding As and Ph), sites, and samplers againgt the FRM and their associated
gtandard errors. Thefirst two days of data have been removed from dl regression andyses, as
explained earlier, Snce those days were consdered the shake down period. Asareminder, the VAPS
data a Rubidoux likely represent PM,, rather than PM,, 5, Since the accel eration nozzle was not placed
back into the sampler after the first sampling period.
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A gross examination of the regresson plotsin Figures I1-4a-i and in Appendix D show that the
samplers are, in generd, providing Smilar data, where the dopes are pardle, reasonably closdy
packed, and scattered around the 1:1 line. Regression dtatistics shown in Table 11-9 dso confirm the
generaly good overal agreement with the majority of the dopesin the range from 0.8t0 1.2 and R?
vaues greater then 0.8 and even 0.9. Exceptions to this follow the discussion presented in the sections
above, that is, there are afew known problems with sampler operations and there are afew data points
that are elther sgnificantly above or below the trend line.

Typicdly linesthat are not pardle with the group on agiven plot have one or two points that are
relatively far from the trend line, and if these data points that are a high or low concentration they
greatly influence the dope, intercept, and correation coefficient. These “incondgtent” data points have
been invedtigated thoroughly, including re-andysis of filters or extracts, and those that remain are
consdered to be vadid data, i.e.,, no explanation can be found to invalidate the data. The following
provides brief comments on each of the species presented in Figure I1-4ai. Comparisons are made to
the 1:1 line (not shown) of the speciation samplersto the FRM, since volatilized nitrate appeared to
represent only asmall fraction of the nitrate collected, with the exception of Phoenix, where about half
of the nitrate was measured as volatilized nitrate. Smilar data are not available for OC; dthough one
would expect more voldilization in the locations with higher temperatures, Phoenix and Rubidoux, then
at RTP and Philade phia, the latter which had the coolest temperatures (see Table I1-7 for average and
average maximum temperatures observed during sampling days). Comparisons are made to FRM,
sgnceitisawdl characterized aerosol sampler with a sharp cutpoint and under wintertime conditions,
voldilization should be minimd.

Mass

In general, and as expected from the time series results, the trend lines are tightly packed and pardld
with and scattered around the 1:1 line. A few of the trend lines are noticeably separated from the
others, being abovethe 1:1 line. Thisisthe case for the URG and MetOne mass results at Rubidoux,
the MetOne mass results at Phoenix, and the for the VAPS a Philadelphia. Audit results for the URG
were within 5 percent for dl audits, however, sulfate was dso high, suggesting asmdl biasin the
reported flow rates. The MetOne sampler ishigh at dl stes, and noticeably high at Rubidoux and
Phoenix due to the reasons indicated earlier (see section: M eans of PM , s Mass and M aj or
Chemical Components).

Sulfate

Regression andyds of the sulfate data shows good agreement among the samplers. Within day
variaions among the samplers are on the order of afew tenths of aug/n?, lines are, in generd, pardld
and scattered about the 1:1 line. This suggests that the quality assurance and quaity control objectives
were achieved in monitoring and validating flow rates and chemical andlys's, at least for sulfate. It dso
suggests that differences seen in what are typically considered coarse particle species (Fe, Ca, S), are
due to the differencesin the collection efficiency of the inlets, as has been identified for the MetOne
sampler and is suggested here for the VAPS sampler, which uses avirtud impactor to Sze fractionate
PM into afine (<2.5 um) and coarse (2.5-10 um) sizeranges. At Rubidoux, Philadelphia, and RTP
the reported concentrations among the samplers gppear mostly random with no one sampler showing a
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systemdtic bias. At Phoenix, sulfate concentrations are lower then the other sites (rangeisfrom 0.2 - 2
pHg/m3) and while there looks to be more varigbility, the overdl range (y-axis) is about one fourth the
other sites. In generd, differences among the samplers, on a day-to-day bass, are on the order of a
few tenths of apg/m?, and certainly small compared to PM, - mass, and even to sulfate as observed in
the figures.

Nitrate

The variability in nitrate, as measured by the denuder/filter pack method is somewnhat larger than sulfate
a Phoenix and RTP aswell, the variability for nitrate is larger & Phoenix and RTP than a Rubidoux
and Philaddphia. The highest concentrations of nitrate were observed a Rubidoux and the lowest at
RTP, thus, it isimportant to note the range of concentrations given on the y-axis when looking at these
plots. Variability among samplers for a given day range from afew tenths of aug/n? a low nitrate
concentrations to about 3 pug/m? at mid-range concentrations, and about 7 pg/m? on the highest
sampling day (maximum FRM nitrate was 38 g/, observed at Rubidoux). At Rubidoux, the URG
and MetOne are reporting dightly higher concentrations (2-3 ug/n?) rdaive to a 1:1 line, while the
other samplers are dightly below by about the same amount. At Phoenix and RTP, the VAPS and
URG samplers are reporting nitrate concentrations higher then the 1:1 line (also seen in the means data,
Table 11-8a, means differ by about 30% - 50% among samplers at these sites), while the IMPROVE
sampler isdightly below the 1:1 line rlative to the FRM. However, audit flow rates for the IMPROVE
sampler were about 12 percent high relaive to the indicated flow rate, possibly accounting for &t least

part of the discrepancy.

These differences can be accounted for, in generd, by the different methods used by the speciation
samplersfor collecting aerosol nitrate. Nitrate can be determined directly on either Teflon or quartz-
fiber filters, or usng the denuder/filter pack methods, one a direct measurement on anylon filter behind
adenuder, the other requiring the sum of nitrate measured on a nylon filter behind a denuder and Teflon
filter plus nitrate on from aparald quartz-fiber filter. Volatilized nitrate dso is determined differently,
depending on how particle nitrate is determined. A more careful examination of nitrate measured by
these different methods is given below (Section E, Aerosol Nitrate).

Ammonium

Regresson plots for ammonium ion are given in Figure [1-4d. In generd, the variability in these data
tend to follow asmilar pattern to nitrate, with the exception that ammonium measured by the
IMPROVE sampler tends to result in the lowest dopes at each site (Table 11-9 and Figure 11-4d). This
was aso observed in the comparison among the means (Table 11-89). It is suggested here, as
discussed earlier, that the nylon filter may not be the best medium for collecting ammonium, in
particular, ammonium associated with ammonium nitrate. The use of the nylon filter, with abasic pH,
alows HNO; to be recaptured when volatilized after collection; however, ammonium would not be
recgptured and lost from the measurement. In fact, results here suggest the use of anylon filter it may
even enhance the loss of ammonium from thefilter.

Organic and Elemental Carbon
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Organic carbon concentrations range from about 3 to 9 pug/m® on average over dl stes, while demental
carbon concentrations range from about 1 to 4 ug/m? (see Figures 11-4d and |1-4e and Table |1-8).
Variability of OC and EC at al steswas large relative to these averages and often gpproaching 6 - 8
pg/im? for OC and 2 - 3 for EC. However, as will be discussed later, the measured concentrations of
OC are afunction of the face velocity or pressure drop across thefilter, or for these samplers because
they dl used the same gzefilters, the flow rate. Aswadll, the VAPS sampler had an XAD coated
annular denuder designed to remove SVOC in the gas phase (Gundd and Lane, 1999; Gundd et d.,
1995) that have been noted to cause positive artifacts for OC (Turpin et d., 1994).

In generd, the regression lines for the OC measurements by the speciation samplers reative to the
FRM are parale to and scattered about the 1:1 line; athough there is congiderable variability among
the samplers with pardld, but definitdly conagtent high or low biases rdative to the 1.1 line for dl
samplers, with the exception of the IMPROVE sampler a Rubidoux. For that sampler, the dopeis
congderable lower then the other samplers and appears to be due to a series of 5-6 data points at the
beginning of the study, after which, the data agree better. The different dope was not observed a the
other sitesfor OC by the IMPROVE sampler; however, asmilar dope was observed at Rubidoux for
EC, thus, suggesting a potentia problem with that module during the beginning of the sudy. Generd
trendsin bias are dso observed among the samplersfor OC. For example, the OC VAPS regression
line wastypicaly the lowest (excluding Rubidoux where the collection cone was missng from the
sampler), while the Andersen and MetOne typicaly had the highest regression line on the plot, while
operating at the lowest flow rates among the samplers. The MetOne data however, may be
compromised due to the problem noted earlier with the spird inlet.

Nonetheless, there was congderable variability among the samplers for measuring OC; athough much
of the variation can be explained due to operationa problems and more importantly due to differences
in how the samplers operate. The latter islikely due to differences in the face velocity or pressure drop
across the collection mediain the different samplers or the effect an organic denuder has on removing
SVOC with subsequent collection on pre-baked quartz-fiber filters. OC data are discussed more fully
later in this report (Section F, Organic and Elementa Carbon).

Elementd carbon, a stable species like sulfate, shows somewhat |ess variability among the samplers
then OC, but the variahility is ill somewhat larger then for sulfate. In generd, theregresson linesare
pardld to the 1:1 and reasonably closely packed a Phoenix, RTP, and Philadel phia; although for
Philadelphia the regression line for the Andersen sampler is not paralel due to one high point at low
FRM concentrations and one low point a high FRM concentrations. Vdidation of the data, including
re-andyss of the samplers suggested these datato be valid. Other data from the Andersen fdl closeto
the 1:1 line. At Rubidoux, a series of low points for the IMPROVE sampler add consderably to the
observed variahility at that ste. For the IMPROVE sampler, as noted earlier, the data for the first 5-6
days of the study appear low, rdative to the other samples, and then for the remainder of the study
agree much better. Thisisaso true for the OC data; dthough it is not as noticeable with the OC data
due to the additional scatter in the plot. However, the EC concentration data for the IMPROVE
samplers at the other sites show better agreement. The best agreement was observed at RTP, where
the lowest EC concentrations were observed. EC datawill have to be more carefully studied to
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determine if the variability is due to the design of the samplers, operations by Site operators, variations
in the |aboratory andys's, or some other reason.

Trace Elements

The trace dements measured as part of this experiment are non-volatile and would be expected to
agree well among the samplers, and in generd they do. Trend linesfor trace dements are typicaly
clustered with pardle dopes; dthough there are a number of single data points sgnificantly away from
the 1:1 line that sometimes skew the dope and intercept of the regression line, as well there are the
exceptions noted earlier. For example, the crustd related species (S, Fe, and Ca) are skewed high for
the MetOne sampler due the bias noted with the inlet of that sampler.

T-TEST Resaults

The sample collection schedule at the four sites was designed to permit an analysis of variance
(ANOVA) to be conducted on the results. The plan was to have a single data set and to conduct
ANOVA onit on aste-by-gte and analyte by andyte bass using the following linear modd to establish
the comparability of the ssmplers:

Yik =u+D + L+ S +DLj + DSy + LSy +DLS)

where:

y= Andyte

Di = Days with associated degrees of freedom equal to D - 1.
Lj = L ocations with associated degrees of freedom of L - 1.
S = Samplers with associated degrees of freedom of S- 1.
DL; = Theinteraction between days and locations.

DS, = Theinteraction between days and samplers.
LS, = Theinteraction between locations and samplers.

DLSx = Thethree way interaction term (used to estimate overall experimenta error).
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The results from the ANOV A would be used to test the following hypotheses.

T There will be no gatistical difference between the PM, ¢ mass concentrations measured
by the FRM-Teflon filter and the Teflon filters on the other samplers.

T There will be no gatigticd difference between the FRM-Teflon filter sampler, the
VAPS sampler, and each speciation sampler for concentrations of trace elements (by
atmospheric pressure XRF).

T There will be no gatigtica difference between the FRM-quartz-filter-equipped sampler,
the VAPS sampler, and each speciation sampler for nitrate, anmonium, and sulfate (by
ion chromatography).

T There will be no gatistica difference between the FRM-quartz-filter-equipped sampler,
the VAPS sampler, and each speciation sampler for OC and EC (by therma optical
reflectance).

At the completion of the Level 1b data vaidation, it was obvious that there were alarge number of
missing vaues and that there were large variations in the concentrations measured for many of the
andytes at the four Stes.  These factors made it impractica to conduct the planned ANOVA, so
instead, a paired t-test (alpha = 0.05) approach was used to determine whether two samplers were
datidicaly smilar. Based on the large numbers of vaues below five timesthe MDL, it dso was
decided to exclude As, Cu, Pb, and Mn from this Satigtica andyss.
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Results from the Paired T-Tests

Presented below are the results from those paired t-tests where the FRM value was used as the
reference standard. Although the FRM, Andersen, IMPROVE, Méet One, and URG samplerswere
operated in duplicate at Rubidoux, only the value from each primary sampler was used for the t-test.

The results are presented in tabular form in Tables I1-10a through 11-10e for each sampler (a-€) on a
dte-by-ste, andyte-by-andyte bass using the following parameters.

X Actud P-vaue. P-vaueslessthan 0.05 mean that the FRM and the speciation
sampler’ sresults are Setidtically different at the Ste for the anayte tested.

X Statistical decison made based on the P-vaue. “Y” meansthe two results for
the FRM and speciation sampler are datiticaly the same and “N” means they
are datigicaly different.

X The number of times the FRM value was larger than the corresponding
gpeciation sampler vaue (numerator) compared to the total number of
differences used in the paired t-test for that Sitefanalyte (denominator).
Appendices G-1 and G-2 provide a complete listing absolute and percent
differences between the FRM and each speciation sampler by site and sampling
period. These data were used to calculate the above ratio.

Besdes the t-test, an ANOV A was conducted using only the particle nitrate data from the four
gpeciation samplers. This ANOV A was conducted for the following reasons. Firgt, the speciation
samplers were designed to provide an accurate measure of particle nitrate concentration, whereas, the
FRM was not. Second, the particle nitrate concentrations measured at a Site did not vary substantiadly
across dl the sampling runs. Third, except for the URG sampler at Site 1, the particle nitrate data set
was reasonably complete, i.e. there were few missng values.

The sampling results for the first two days at each site were excluded from the t-tests and the ANOVA
because these were considered to be sampler shakedown/operator training days. The decison to
exclude the first two days from the gatistica analyss was made before the first samples were taken.

Overdl, there appears to be no consstent pattern in the T-test results presented in Table 10. Thisis
likely due to the reasonably high precision obtained by these samplers and due to the high correlaions
among the samplers. Note, Table I1-2c presents the sample precision, but the mean precision is about
4timessmaler (n=14 or 18 in most cases). Below isabrief discusson on a sampler-by-sampler
comparisons relative the FRM.

Paired T-Test Results for FRM and Andersen Samplers

Table I1-10a presents results from the paired t-tests for the FRM and Andersen samplers. The
Andersen was the only speciation sampler that produced PM, 5 mass concentration values that were
datigticaly equivadent to those of the FRM at dl four Stes. The only other andytes that were two
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samplers were equivadent at the four Stesare S (by XRF) and Zn. It isinteresting to note that the two
samplers are different for sulfate (by IC) a ste 2 (P vaue = 0.0001) and site 3 (P vaue - 0.0028),
despite being Setidicdly equivaent a these stesfor Sby XRF. This anomaous Stuation might be
attributable to andytica imprecison at the low sulfate concentrations measured. Table 11-10adso
showsthat at Sites 1, 2 and 3, the Andersen sampler consistently produced lower particle NO;™ and
NH," vaues and higher OC vaues than the FRM.

Paired T-Test Results for FRM and MetOne Samplers

Table I1-10b presents the results from the paired t-tests for the FRM and the MetOne samplers.
Particle nitrate was the only andyte for which the two samplers produced datigticadly equivadent results
at thefour Stes. The PM,, 5 concentrations and the S, K, Ca and Fe concentrations measured by the
two samplers were Satistically different either at dl four sites (K, Ca, Fe) or at three of the four Sites
(PM, 5, Si). The MetOne produced PM, 5, Ca S, K, and Fe concentrations at the four sites that were
congstently larger than those from the FRM sampler (with the exception of PM, s mass at Site 3).
These results indicate strongly that the sampler inlet did not effectively remove coarse particles, as
discussed earlier. For the other analytes the agreement between the two samplers were incons stent
across stes and analytes.

Paired T-Test Results for FRM and IMPROVE Samplers

Tablel1-10c presents the results from the paired t-tests for the FRM and the IMPROVE samplers.
The two samplers produced Satigticaly equivaent results a al four stesfor only three andytes: S (by
XRF), K, and Zn, but also produced results for three other andytes (NH,", OC, and EC) that were
datidicdly different a al four Stes. The datistica equivaence for the other analytes was highly varigble
acrossthe Stes. A strong negative bias existed at dl stesfor the IMPROVE sampler for sulfate by IC,
Shby XRF, particle nitrate, ammonium, OC, and EC, and a consstent positive bias exists for the
sampler for S, Ca, and Fe at dtes 1 and 2, where there were significant coarse particle concentrations.
This may suggest apositive bias for coarse particle penetration relative to the FRM for the IMPROVE
sampler.

Paired T-Test Results for FRM and URG Samplers

Table 11-10d presents the paired t-test results for the FRM and URG samplers. This sampler suffered
from avariety of operationa problems at Site 1, which resulted in alarge number of samples being lost
or declared invalid. From adatigtica point of view, the performance of this sampler with respect to the
FRM was poor. Thiswas unexpected since the URG sampler closely matches the FRM with respect
to its design and flow operation. Zn was the only anayte where the URG yielded results that were
datisticaly equivdent to the FRM at dl four Stes. Otherwise the statistical equivaence between the
FRM and URG samplers varied inconsstently from ste-to-site and andyte-to-anayte. It islikely that
the mechanica problems associated with the specific URG samplers used in this study and not the
design of the sampler itself was the cause of the poor agreement between the FRM and the URG
sampler.

Paired T-Test Reaults for the FRM and VAPS Samplers
Table I1-10e presents the paired t-test results for the FRM and the VAPS sampler. Asnoted earlier in
this report, the VAPS sampler’ s virtual impactor was not correctly assembled at Site 1 but was
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included in the analysisto illugtrate that point as well as for species, such as sulfate that are not affected
by a cutpoint greater than 2.5 um. S by XRF and Zn were the only andytes for which the two
samplers produced datisticaly equivaent results at dl four Stes. For dl the other anaytes, the
datistica equivalency of the results differed from Ste-to-site. Mass and the trace e ements showed a
consstent negative bias relative to the FRM, while the other species showed a consstent positive bias.

Results from the ANOVA on Particle Nitrate Data

The ANOVA was done on aste-by-site bass. At Rubidoux ANOVA involved 51 concentration
vaues covering 14 days of sampling, at Phoenix ANOVA involved 67 concentration values covering
18 days of sampling, a Philadelphia ANOVA involved 71 concentration vaues covering 18 days of
sampling, and at Research Triangle Park ANOVA involved 67 concentration values covering 18 days
of sampling. The results of the ANOVA are presented in Table 11-11 in terms of the mean
concentrations and the number of values (in parentheses) used in caculating the mean. Thelast column
in Table I1-11 identifies the samplers that are datisticaly equivaent, that is, samplers within parentheses
are satigticaly equivaent. For example, at Phoenix, the means for the Andersen and the IMPROVE
samplers are statistically equivalent as are those for the Andersen and MetOne samplers. Note,
however, that the means for the IMPROV E and MetOne samplers are not satisticaly equivaent. Only
the Andersen and the IMPROV E samplers gpparently had satistically equivaent results across dl four
gtesfor nitrate.

Aerosol Nitrate

As discussed above, aerosol nitrate as well as volatilized aerosol nitrate were determined by severa
methods, and there appears to be differences in the nitrate concentrations reported by those different
methods. Tables I1-12athrough 11-12¢ present data by sampler type and on a Site-by-site basis for
nitrate measured by the different methods employed in this study. Sulfate data are presented in Table
11-12d, for comparison to a stable species, not influenced by volatilization. Tables I1-13athrough 11-
13d present smilar data, however like methods are averaged, as well, the ratio of the methods are
given to indicate the relative difference between methods.

The datain Table |1-12a represent nitrate concentrations measured directly on Teflon and quartz-fiber
filters without a preceding denuder. The datain this table suggests a difference between the two filter
types for collecting aerosol nitrate. Chow (1995) indicates that both Teflon and quartz-fiber filters are
suitable for the collection of nitrate, that is, both experience smilar negative and positive artifacts.
However, they are similar for quartz-fiber filters that have not been pre-treated (heated to 900 C) for
OC collection, asisthe casein thisstudy. Apparently, hesting the quartz-fiber filter reactivatesit and
alowsit to adsorb gas phase nitrogen species (e.g., HNO;). Table 11-13a shows the average of nitrate
measured on Teflon filters, quartz-fiber filters, the difference (Q-T), and the ratio of the quartz-fiber
filter nitrate results to those measured on the Teflon filter. Ratios range from about 1.2 at Philadephia,
where temperatures are sufficiently cold to maintain the ammonium nitrate in the aerosol phase (no
HNO; available to react with the quartz-fiber filter), to about 1.8 at Phoenix and RTP, where higher
temperatures were observed as well asthe likely hood of lower ammonia concentrations relative to
Rubidoux, thus the possibility of HNO, available to react with the quartz-fiber filter. Absolute
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differences between nitrate concentrations measured on the quartz-fiber filter and the Teflon filter range
from about 0.2 pg/m? a Philaddphiato 1.0 pg/m? at Phoenix, in asimilar pattern to the ratio.

As described above, particulate nitrate was measured ether directly on afilter behind a denuder or
indirectly by summing two filters. Table 11-12b summarizes these data by method or sampler. Once
agan, samplersthat use a quartz-fiber filter (the indirect method) appear to measure more particulate
nitrate then the direct method, which does not use a quartz-fiber filter. Table I1-13b provides average
datafor the two methods. The ratio of the indirect to the direct method ranges from 1.1 to 1.5 and
each vaueis dightly lower then the corresponding ratio in Table 11-13a; dthough their associated
gstandard deviations suggest thereislikely no difference. However, absolute differences (Indirect -
Direct Methods, where the indirect method includes the use of nitrate measured on a quartz-fiber filter)
are dightly larger then the differences observed for nitrate measured on the quartz-fiber filter and the
Teflon filter (Table 11-13a). This suggests another factor o isinvolved causing the apparent
difference between these methods. Hering (Aerosol Dynamics, Berkeley, CA, persona
communication) suggests there may be a smal postive bias, possibly due to the adsorption of other
nitrogen containing compounds (e.g., NO,), when using Na,CO; coated denuders with nylon filters
relaive to usng NaCO; impregnated filters with a Ng,CO; coated denuder. However, the
IMPROVE sampler shows atrend opposite that of the URG and VAPS; however, it operates at a
higher flow rate. A potentia positive bias has been observed in this study using the indirect method to
measure particulate nitrate if that method used a pre-heated quartz-fiber filter to obtain particle nitrate
concentrations.

Volatilized nitrate concentrations measured by each method or sampler are given in Table [1-12c. The
IMPROVE vdue was obtained relaive to the FRM, since nitrate was only measured on the nylon filter
inthat sampler. In determining voldilized nitrate, the quartz-fiber filter is not used by any sampler, thus
eliminating that variable from the uncertainty in the measurement. In generd, there is no consstent
difference observed among the different samplers or methods. Table I1-13c presents the averaged data
by method. The standard deviation of the average ratio at al four Sites either exceed the average or
encompass 1, suggesting no difference can be digtinguished for volatilized nitrate by these two methods.
On the other hand, the higher variability at Phoenix vs Philadel phia (Smilar concentration ranges) may
be due to how nitrate is measured and the amount of nitrate volatilized or in the gas phase as nitric acid.

Findly, to confirm that the differences are due to the method of collection, direct vsindirect, Teflon vs
quartz-fiber filters, data are presented by sampler in Table 11-12d for sulfate as measured on either
Teflon or quartz-fiber filters. Thereis no difference between the use of the two filter typesfor
determination of aerosol sulfate. Table 11-13d provides summary averages of the datain Table 11-12d.
Thereis no difference between the two filter types, and the ratio at Rubidoux being different then oneis
dueto rounding errors, dl ratios were within 5%.

Given the above discussion, there is an gpparent positive bias when measuring nitrate on a quartz-fiber
filter that has been heet treated for carbon andlysis. Therefore, it is recommended that a different
approach be used for the determination of particulate nitrate on those samplers that may use the quartz-
fiber filter in their determination of nitrate.
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Organic and Elemental Carbon

Denuded vs Non-Denuded Organic Carbon Results

The PM,, s Chemica Speciation Evaluation Study collected particulate carbon on quartz-fiber filters
from one sampler with an XAD denuder and five samplers without an XAD denuder. Datafrom
Phoenix were selected for this analys's because the Phoenix samples included an additiona IMPROVE
sampler that used 25 mm quartz filters. Samples from the SASS were not included in this evauation
due to potentia carbonate contamination from soil, Snce the inlet dlowed particles greater than 2.5 um
to enter theinlet. The range of filter face velocities was from 11 to 104 crm/sec. Therma Optical
Reflectance carbon concentrations were used to evaluate the effect of using the XAD denuder and to
investigate the differencesin OC concentrations between the samplers.

Denuded and non-denuded samples were first compared using both the carbon fractions from TOR
and the mass concentration of OC, EC, and TC. Figure 11-5a shows the average percent of OC for
OC1, OC2, OC3, OCH4, pryrolized carbon; and the average mass concentrations for OC, EC, and TC
(EC + OC). Five samplerswere used for the non-denuded average and 1 sampler was used for the
denuded sampler average. Seventeen 24-hour samples were used to calculate the average for each
sampler. Figure 11-5b shows the average percentages and masses for the denuded sampler with a15
liter per minute (Ipm) flow rate (21.1 cm/sec face vel ocity) and the non-denuded samplers with 16.7
[pm flow rate (23.6 cm/sec face velocity). The OC1 mass percent was less for the denuded samplesin
both Figures I1-5aand 11-5b. OC3 shows an increase for the denuded samples and little difference for
OC2 and OCA4. Differencesin the OC3 concentrations may be due to the shape of the cutpoint for the
VAPS compared to the other samplers. Organic carbon concentrations for the denuded sample were
less than the non-denuded sample and the EC concentrations were Smilar. The differencesin the OC
concentrations are due to acombination of reduced pogitive artifact and a potentid increase in the
negative artifact or stripping of volatile organic compounds from the collected particles.

Theimpact the denuder has on the collection of OC, under the conditions of this experiment, can be
seen in Figure 11-6, where OC concentrations are plotted for the FRM sampler and the VAPS
samplersagaing PM, ; mass. The VAPS sampler used adenuder in front of the quartz-fiber filter,
whereas the FRM sampler did not use adenuder. Except for Rubidoux, the regression lines of the two
samplers are pardld, but the FRM OC regression lines are offset high indicating a pogitive artifact in the
method relative to OC collected on a quartz-fiber filter behind a denuder. This assumes both filters
have smilar negative artifacts. At Rubidoux, the VAPS sampler data likely represent PM,, rather then
PM, - and should not be considered vaid datafor OC or EC.

Figure I1-6 dso provides an estimate of the magnitude of the postive artifact for OC. Once again, at
zero PM, s mass the OC measured at Phoenix and Philadelphia by the FRM have intercepts of
between 1-3 pg/m?, except at RTP, where it is closer to about 0.2 pg/m®. OC by the VAPS sampler
has near zero intercepts, except at Rubidoux as just explained, suggesting that the use of the denuder
provides a more suitable estimate of OC, at least relative to what is measured on a Teflon filter, i.e,
assumes Smilar negative artifacts, which are likely minimized since this was a wintertime study.
Differences RTP and the other cities may be due to the mix of OC compounds present in the
atmosphere during sampling, as RTP isamore rurd location then the Stesin Philade phia or Phoenix.
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Face-veocity effects were investigated using the ratio of the non-denuded to the denuded samples.
Figures1l-7aand I1-7b show the relationship between filter face velocity and the OC and EC
concentrations, respectively. Denuded OC1 to non-denuded OCL ratios range from 9.7 at 11 crm/sec
to 4.8 a 104 cm/sec. The 95 percent confidence intervals show that the ratios have afair amount of
scatter at each face velocity. EC2 and EC3 concentrations show aincrease that may be due to the
PM, ¢ collection efficiency of the VAPS as compared to the RAAS.  The effect of face velocity is
shown strongest in the lowest temperature carbon fraction determined by TOR (OC1). Thisfraction
may represent positive artifact that is due to SVOC that boil in therange of 120 C. Additiond
experiments, like those conducted in Sesttle, with back-up XAD impregnated quartz filters will help in
the interpretation of these data (Phase 11 of the evaluation of the chemica speciation samplers, Mitchell,
EPA, ORD, persond communication) .

Comparison between TOR and TOT for OC and ECin PM, 5

Carbon in amaospheric particles typically represents alarge fraction (25 — 50%) of the PM, s mass.
Two methods are used currently for the analyss of particulate carbon: Thermal Optical Transmission
(TOT - NIOSH Method 5040) and Thermal Optica Reflectance (TOR). These two methods both
quantify carbon by heeting filters and volatilizing the carbon that is oxidized in agranular bed of MnO,,
reduced to CH, in aNi methanator, and quantified as CH, with aflame ionization detector. The TOT
and TOR methods use different temperature programs and use different techniques to correct for the
formation of pyrolysis products. These differences result in an operationd definition of OC and EC by
each method and while total carbon values are typicaly the same, the split between OC and EC are
different, which usudly resultsin a higher observed EC fraction by the TOR method. To better
understand this difference, the TOT and TOR methods were compared using samples from the
Chemica Speciation Monitor Evaluation Fidd Study. Additional wood smoke, and diesdl exhaust
samples were dso included in the evaluation. Appendix J provides a more detailed description of the
TOR and TOT methods comparison.

Both source and ambient wood smoke samples were evaluated. Thermal Optical Reflectance EC was
on average 175 percent greeter for atriplicate analyss of the smoldering wood smoke source sample.
Measurement precison was Smilar for both techniques with a coefficient of variation (CV) of 21 and
23 percent for TOT and TOR, respectively. Spokane ambient wood smoke samples showed a lower
difference in the EC concentrations with aratio of TOR EC to TOT EC of 1.21.

A diesd truck source sample aso was evduated in triplicate. The TOR method EC and TC were 30
and 7 percent higher than the TOT method, respectively. TOR TC was 7 percent higher than the TOT
TC. TheCV for TOR EC (4 percent) was higher than the TOT EC (CV = 1 percent); however, both
CV vaues are smal compared to the differences between the methods for EC. The diesd truck
exhaust was spiked with 10 i of Trona solution, a sodium carbonate ore containing both carbonate
and bicarbonate. The solution contained 10.16, 0.50, and 10.65 ng as C of OC, EC, and TC,
repectively. Neither andyss show an increase in the amount of EC measured, while the TOR method
showed a decrease in EC from 6.07 to 4.05 ng/cn?. The TOT technique quantifies CC as part of the
routine anaysis and gave avaue of 10.3 ng/cn? for CC. TOR showed an increase in OC as opposed
to anincrease in EC.
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Samples were sdected from the Phoenix (20) and Philadelphia (20) that represented a range of
loadings. Six dayswith arange of concentrations were sdected from the co-located VAPS with an
XAD denuder, the IMPROVE sampler, and the Anderson RAAS. The VAPS, IMPROVE, and
RAAS sampled 21.6, 32.8, and 10.5 cubic meters of air through a 47 mm quartz-fiber filter,
respectively. The use of the different sample flow rates provided an average TC loading of 18.41
ng/cn? and wide range of TC loadings (4.77 to 41.78 ng/cny). The average EC, OC, and TC
concentrations were significantly different (p # 0.001) when the TOR and TOT methods were
compared using a paired t-test and the Wilcoxon Signed Rank Test. Linear regressions were used to
evauate the linear relationship between TOR and TOT in Phoenix and Philadephia. Sopesfor EC,
OC, and TC were not sgnificantly different for each city, and the intercepts were not significantly
different from zero. Overdl relationships between TOR and TOT (ng/cn?) were TOR OC = TOT OC
* (0.91 + 0.02 (SE)) +(0.00 + 0.35(SE)), r’= 0.98; TOR EC = TOT EC * (1.94 + 0.08) - (0.22 +
0.31), r’=0.93; and TOR TC =TOT TC * (1.11 + 0.02) - (0.07 + 0.32), r>= 0.99.

Two conclusions can be made based on this methods comparison: [TOR]gc > [TOT]gc, and [TOR] ¢
> [TOT];c. These conclusions are based on source and urban samples.  Additiona samples from
non-urban locations need to be evaluated to determine if the association is the same for urban motor-
vehicle dominated and non-urban biogenic/secondary aerosol samples.

Lossof Nitrate During Vacuum XRF Analysis

The andysis protocol for the FRM, URG, and VAPS samplers require mass, XRF, and ions analysisto
be performed on the same Teflon filter. Due to the potentid loss of ammonium nitrate from filters
during vacuum XRF, nitrate, sulfate, and ammonium were determined on the quartz-fiber filter in these
samplers. However, the observed positive artifact noted above with the quartz-fiber filter for nitrate
required us to re-examine the use of the Teflon filter that has been used for XRF anadlysisin those
samplersfor ionsandyss. Pared Teflon filters (same fow rate, and usudly in pardle linesin the same
sampler) were chosen for thisandysis. One filter was andlyzed directly for nitrate and sulfate, the
other, having been anayzed for aamospheric XRF was andyzed aso by vacuum XRF followed by
determination of nitrate and sulfate on that filter. Another st of filters, andyzed only by amospheric
pressure XRF, dso were andyzed for nitrate and sulfate to see the effect of just atmospheric pressure
XRF on the potentid loss of nitrate. The latter data are not yet available.

Table 11-14 presents data for the loss of nitrate from Teflon filters as aresult of XRF anadlyss. On the
average, about 40 + 16% of the nitrate was lost during XRF andysis. Also presented in the table are
results for sulfate on the same filters. No sulfate was logt during the andyss. Figure 1-8 is a scetter plot
of the nitrate loss data as a function of the original nitrate concentrations. Data below origind nitrate
levels of 500 ug/filter are grouped dong one regression line with a correlation coefficient of 0.851. On
the other hand, data above 500 ugffilter fall well below the less than 500 ug/filter regresson line. These
higher concentration data points may have lost less nitrate because of the nitrate present on the filter
may have been non-volatile { NaNO3, or meta (NO;)4}, rather then NH,NO; (e.g., Eldering et d.
1991). Two of the three data points occurred on January 18" when Caand Fe were near their highest
levels during the study. Sodium values were not measured.
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These dataindicate that filters used for vacuum XRF analyss can not be used for nitrate analys's,
athough they can be used for sulfate andyss. One would dso assume that the ammonium ion results
i.e., ammonium associated with NH,NO,, aso would be biased low as aresult of vacuum XRF.

Field Experience with the Speciation Samplers

The overdl objective of the chemica speciation sampler evauation study was to characterize their field
performance under a range of atmospheric chemica, meteorologica, and operating conditions. While
the primary evauation criteria used to judge sampler performance was each sampler’ s ahility to
representatively collect and provide equivaent chemicaly speciated atmospheric fine particulate matter,
each sampler’s ease of use, reliability, and field worthiness dso were evauated. For this reason, Ste
operators were instructed to record their daily experience with sampler setup and routine operation. At
the completion of the field sampling component of the overdl study, afour-page field operations survey
was developed and distributed to dlow Site operators to document their overall experience with each of
the samplers. Evauation criteriaincluded ease of sampler ingdlation, audits and cdlibrations,
programming, filter holder exchange, sampler maintenance, and data retrieva procedures.

Review of the daily dte operations records and completed surveys reveded problems with each of the
speciation samplers as well asthe collocated PM, s FRM samplers. Some problems were particular to
individud ingruments of a given desgn a agiven Ste and were typicaly associated with sampler
congtruction, handling, setup, or operation, rather than sampler design. Other problems were
associated with design, and thus, all samplers of that type were affected.

A summary of the site operator’s surveysis presented in Table 11-15, while Table 11-4 details noted
problems or deficiencies with each sampler as recorded from the daily field data sheets. A descriptive
summary of each sampler’ sfidd performanceislisted below.

Andersen RAAS

The Andersen sampler was judged to be rdatively straightforward to unpack and setup in thefidd;
athough one site operator indicted that its main module weighed more than other sampling modules.
The ease of setting up the sampler in the field was judged to be good. The sampler is capable of being
temperature, pressure, and flow calibrated in the field and cdibration procedures were judged to be
averageto good. Good to excdlent ratings were received for conducting the manufacturer’s
temperature, pressure, and flow audit procedures. Few problems were noted during programming or
retrieving pertinent data after each sampling event.

At the Rubidoux site, the Andersen sampler lost the temperature, pressure, and flow cdibrations on
two occasions requiring complete re-cdibration of the insrument. The Rubidoux Site operator so
noted a dight water intruson problem following arain event and indicated occasond driftsin reported
internal cabinet temperature. Two particular design problems were identified by each of the five Site
operators. Firgt, the sampler’ sindicated flow rate was difficult to calibrate due to dectronic driftsin the
flow sensor response. Huctuations in the indicated flow rate of each Andersen channel were observed
throughout the study at each of the four Stes and caused uncertaintiesin overal volume sampled. The
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second design problem observed by al ste operators was the tendency for o-ring sealsto fall out
during ingdlation and removd of filter holders. Thislatter problems made routine filter holder exchange
awkward and raised concerns regarding potentid sample contamination.

Met One SASS

The Met One speciation sampler was judged to be relaively easy to setup in the fidld and could be
accomplished by one person, with an overal rating for ingalation of good to excellent. The sampler's
response to ambient temperature, pressure, and flow rate only can be calibrated by the factory and
cannot be adjusted in the fidld. The manufacturer’ s procedures for auditing these quantities was rated
as good to excellent. Few problems were noted during exchange of the sample canistersin the field.
No problems were noted with post-sampling data retrieva.

Some problems were encountered during laboratory disassembly of the Met One canigters.
Specificdly, collected filter samples were sometimes difficult to remove without damaging or
contaminating the sample. Occasiond field problems were noted regarding failure to sart as
programmed or with sampler premature shut-downs. These events were intermittent and varied by
sampling site. One operator experienced sharp edges on the sampler’ s upper and lower inlet shroud.
The sampler’ s screen was noted to be difficult to read in bright sunlight.

URG MASS

The URG sampler generdly recelved favorable ratings regarding ease of field ingtalation and initid
setup. Ambient temperature, pressure, and flow rate response for the URG sampler can be cdlibrated
in the fidld and the manufacturer’ sindructions for conducting these cdibrations received average to
good operator responses. Programming and its reliability received excellent ratings. Responses
regarding sample exchange and data retrieva were rated as good.

The high pressure drop though the MASS 400 filter holder system exceeded the &bility of the unit’s
flow control system and resulted in low initid flow rates at dl Sites. Addition of asecond air pump to
each flow system by the manufacturer effectively resolved the flow performance problem. Filter holder
temperature flags were often encountered at the Rubidoux and Phoenix sampling sites. Contact of
threaded Teflon components with threaded aluminum componentsin the MASS 400 resulted in
damage to Teflon filter holders.

IMPROVE

Site operators noted that setup of the IMPROV E sampler was generdly more cumbersome and
required more time than the other speciation samplers. Unlike most of the other speciation samplers,
the IMPROV E does not provide ambient temperature or pressure measurement. Calibration of system
flow ratesin the field were judged to be average to good and sampler programming was judged to be
average. Ease of exchanging filter holdersin the field was rated as average to good.
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Field reliability problems with the IMPROV E sampler were experienced at dl four Steswith most
problems relating to faulty timers, solenoids, and pumps. A dight water intrusion problem was noted at
RTP following two sgnificant rain events.

VAPS

Installation and setup of the VAPS sampler was judged as average by operators at each site. Like the
IMPROVE sampler, the VAPS provides no measurement of ambient temperature and pressure, so
these parameters could not be cdibrated nor audited in thefield. The ease of the flow cdibration and
flow audit procedures were both rated as average. Fair to average ratings were received regarding
exchanging of field samples and ease of dataretrieva from the sampler.

Problems encountered with the VAPS were typicaly ones of programming and falure of the sampler to
properly shut down at the specified time. All Site operators experienced problems with o-rings and
virtua impactor receiving tubes faling out during filter holder ingtalation and removal.

FRM

Three different FRM models were used during the Four City study so comments received are primarily
sampler-specific. In generd, however, the FRM samplers were judged to be reatively straightforward
to ingall and setup inthefidld. Manufacturer’s procedures for calibration and auditing of temperature,
pressure, and flow rate sensors were generdly judged to be good. Sampler programming and its
reliability were rated as good to excdlent. Dataretrievad from each sampler was judged to be good.

Specific problems encountered with the FRM were normally sampler specific and included problems
with pump falures, water intrusion, and failure to initiate the programmed sampling event.

Sampler Costs and Related Spare Parts
Table11-16 lists each sampler used in this study and parts needed to operate the samplersonalin 6
day schedule. To operate the samplers on a more frequent schedule would require multiples of each

based on shipping and filter changing schedules. Operational cogts for each of the speciation samplers
was consdered to be essentidly equivaent.
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DISCUSSION
Expectations

The speciation samplers were designed to minimize sampling artifacts during the collection of
amospheric particulate matter, and thus, provide an improved estimate of the PM,, 5 actudly present in
the atmosphere, relaive to the FRM. As gated in the introduction, for stable species, such as, sulfate
and the trace elements measured here, we would expect good agreement (approaching the precison
for that species) between the FRM and the chemica speciation samplers. This of course assumesthe
inlets of the samplers are performing in amanner Smilar to the FRM. This was recommended highly by
the PM Expert Panel (Koutrakis, 1998).

For aerosol species in dynamic equilibrium with their gas phase counter parts (i.e., NH,NO; and semi-
volatile organic compounds) we would expect agreement between the FRM and the speciation
samplers under some conditions, but not under others. Thisis because these equilibrium processes are
dependent on temperature, relative humidity, pressure drop across the collection substrate
(proportiond to flow rate with filters of the same diameter), and the concentration of the precursor
gases. Thelatter is especidly true in the case for NH,NO; in equilibrium with nitric acid and anmonia
(Russdl et d. 1993, Hering and Cass, 2000), as they need to react to form aerosol, as opposed to just
condensing as might be the case for many of the SYOC. Since diffuson denuders and reactive
sorbents were not used to remove gas phase species or to efficiently collect SVOC, respectively, we
would expect there to be differences among the samplers for the measurement of OC as afunction of
pressure drop across the collection substrate and other variables. On the hand, denuders and reactive
filters were used to collect NH,N O3, and therefore, we would expect NH,NO; to agree among the
chemicd speciation samplers for particulate nitrate, but perhaps not with the FRM depending on the
conditions stated above.

Before discussing differences among methods it o isimportant to review the precision results (Table
[1-2¢). Edtimated precision, caculated as the coefficient of variation between collocated sampler pairs
was within 10 percent for most of the samplers for mass, sulfur, sulfate, anmonium, and potassum.
Precison values estimated for the other species, independent of sampler, were within 15 percent,
except for OC and EC by the IMPROVE sampler and silicon on al samplers. The latter 3 species had
measured precision values greater then 15 percent but usualy less then 30 percent. The precision
results therefore, provide alower bound for agreement between the speciation samplers and the FRM
and among the speciation samplers.

Major Questions Addressed
As described in the introduction, the primary objective of this sudy isto determineif there are
differences among the three chemical gpeciation monitors for their ability to estimate concentrations of

the chemica components of PM, ; mass found in ambient air. Comparisons aso will be made to two
higtorica samplers and to the FRM using these samplers as arelative reference.

Part 11, Page 31



There are four questions to be addressed by this intercomparison study with associated hypotheses
designed to address the questions. The questions and hypotheses are stated below with responses
based on the data provided from this study.

Q1. Howwdl doPM ,smassand the chemical components of mass agr ee between the
FRM and the chemical speciation samplerstested in this study?
Thereis generdly good agreement between the FRM and the chemica speciation samplers for the
measurement of PM.2.5 mass and it chemica components, under the conditions encountered in this
study, including meteorologica and operating conditions. There are afew exceptions, dueto
differences in sampler inlets or efficiency of the PM, ; cutpoint. Aswdll, red differences were observed
for nitrate and organic carbon. For nitrate the differences appear to be due to the use of pre-heated
quartz-fiber filters, and the believed associated postive artifact for nitrate with that filter material. For
organic carbon the differences appear to be due to the different face velocities across the quartz-fiber
filters used among the samplers. Tables [1-8alists average vaues for each species and sampler by ste,
while Table I1-8b ligts the ratio of the speciation sampler to the FRM for each chemica component by
dte and sampler. For example, there is excdllent agreement for sulfate, suggesting that the qudity
assurance and quality control objectives were achieved in monitoring and vaidating flow rates and for
chemica andys's, assuming sulfate results are representative of other species. PM, . mass agree
extremey well (with in 5%) a Philaddphiaand RTP for dl samplers and a Rubidoux and Phoenix for
the Andersen and IMPROVE samplers. More variation was observed for the URG and MetOne as
explained earlier.

There were individud data points or smal groups of data that effectively biased the andyss (see
Figures11-3 and I1-4). These data have been carefully reviewed and have been validated to Leve 2b.
Any remaining inconsstencies in the data have been included in the andyses presented here as vdid
data

The spird inlet of the MetOne Sampler produced results that were biased high relative to the FRM.
The dataindicated (e.g., see Tables 8a and 8b) that coarse particles were passing through the inlet to
the collection substrate, especidly at high coarse particle loadings. This problem has been addressed
by MetOne and the spira inlet has been replaced with a Sharp Cut Cyclone (SCC). Results of
preiminary evauations performed by MetOne of the MetOne sampler with the SCC are presented in
Appendix H. Results presented in Appendix H indicate much better agreement with the FRM than the
spira impactor. Subsequently, the spird inlet has been evauated with test aerosol in the [aboratory and
compared to the WINS impactor of the FRM and SCC now used in the MetOne sampler (Peterset d.
2000; given in Appendix 1)

More variation was observed among the chemica speciation samplers relative to the FRM for organic
carbon than the other mgjor species. Organic denuders and reactive sorbent collectors were not used
in this sudy to minimize negetive and postive artifactsin the collection of organic carbon. If the method
for collecting OC was identical among the samplers, artifacts would not be an important factor, at |least
for noting differences among the samplers. However, the samplers operated at different flow rates and
used the same sze filter for organic carbon, except MetOne, which used a mask over the quartz-fiber
filter to achieve the same face velocity asthe FRM. Therefore, variations due to pressure drop across
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or face velocity through the filter were observed (see Figures 11-7a and 11-7b) and resulted in significant
variations for measured OC concentrations among the samplers tested in this study (e.g., see Figures
11-3e and |1-4¢).

More variation was observed among the nitrate a Phoenix then at Philadelphia, even though similar
nitrate concentrations were observed at both sites. This variation was partly attributed to the use of
pre-heated quartz-fiber filters originaly designed for collecting OC and EC for subsequent analysis and
temperature differences (Philadel phiawas colder). On an absolute bas's, variaionsin nitrate are smilar
at Philadelphia, RTP, and Rubidoux and on the order of 1 - 3 pg/m?. Ammonium follows asimilar
pattern to nitrate.

Variation among the chemica speciation samplers relaive to the FRM for trace elements was varied.
Sulfur had excdllent agreement, typically within 10%, while slicon varied up to afactor of 5 or more,
including the MetOne sampler. Excluding the MetOne sampler most differences were within 20-25%,
with the highest variations for al samplers being observed at Phoenix, where the highest coarse particle
loadings were observed. Similar results were observed for Ca and Fe, speciestypicaly associated
with the coarse particle size fraction.

Q2. How wel can the FRM mass bereconstructed by summing the chemical components
measur ed by the speciation samplers.
Mass baance results only were caculated for the FRM sampler.  Mass and trace dements were
measured on the Teflon filter, while ions and OC/EC were measured on the quartz-fiber filter as
indicated in Figure I-6a. In cadculating the mass balance, S, Fe, and Cawere converted to their oxides
and summed to give an estimate of crustal materid and organic carbon was multiplied by 1.4 to give an
estimate of organic materid. Other species were used directly. The sum of the species as defined
above accounted for 111, 135, 110, and 108 percent of the mass on average at Rubidoux, Phoenix,
Philadelphia, and RTP. Since massis measured on an inert Teflon filter, where positive artifacts would
be minimized, it islikely that this overestimation in calculated mass is due to pogtive artifacts for OC
and nitrate on the quartz-fiber filter. Using datain Table 11-13a (Q-T) to represent the positive artifact
for OC and regression intercepts from Figure I1-6 the estimated corrected mass balance adjusted for
potentia artifact for both speciesis 94%, 112%, 101%, and 104% at Rubidoux, Phoenix, Philadel phia,
and RTP, respectively. These vaues are more reasonable, however, they are still lower estimates since
Al, Ti, and Mg oxides have not been accounted for in the crustal materid estimate (likely lessthan 1%
addition) and water has not been estimated and included. However, past experience suggests that
meass bal ance results of 100+20% is reasonable.

For the speciation samplers one would expect smilar results, as there was reasonably good agreement
among the speciation samplers and the FRM for mass and its components, as discussed above. As
well, the FRM islikely a reasonable surrogate for the speciation samplers because 1) thiswasa
wintertime study and artifacts due to volatilization would be minimized, 2) the postive artifact observed
for nitrate, as measured on the quartz-fiber filter, resulted in smilar particle nitrate concentrations
between the FRM and the speciation samplers, and 3) the fact that OC was measured by the FRM at
the standard face velocity of 16.7 [pm. The mgor difference between a calculated mass balance for the
speciation samplers rdative to the FRM would be due to organic materid as the OC measurement

Part I, Page 33



continues to have both positive and negetive artifacts that are afunction of the sampler design
parameters (e.g., face velocity through the filter) and for nitrate for the samplers where particulate
nitrate includes nitrate measured on a quartz-fiber filter.

Specific Hypotheses Related to Questions Q1 and Q2

The following hypotheses are related to reconstructing the measured FRM mass. For each of these
hypotheses, the concentrations, on a species-by-species basis, from each of the speciation samplersis
compared to the respective concentration from the FRM. The concentrations from the speciation
samplers are not compared to each other. The specific hypotheses and brief statements regarding
those hypotheses are given below:

1. PM, ; mass concentrations on the FRM Teflon filter measured by the gravimetric method are
compared to PM, 5 mass concentrations as measured on the Teflon filtersin the chemical
speciation samplers by the gravimetric method. The hypothesisis that the mass
concentration from each of the speciation samplersis not statistically different from the
mass on the FRM filter. The next eight hypotheses delve further into understanding why the
mass concentrations do or do not compar e favorably.

Tables 11-10a through 11-10e provide results of the paired t-test for al samplers and al species
measured in this study. Mass concentrations obtained by the speciation samplers are equivaent
for the Andersen sampler at al stes, while the other samplers are equivaent to the FRM mass
at some gites, but not others. However, while there are satisticd differences at aphaequad to
0.05, the differences are small in absolute concentrations, for samplers operating properly, and
are within expectations based on the precision obtained from collocated samplers (Table |-
2c). Thereason for these inconsstenciesis due likely to differencesin the inlet collection
efficiency (dope and cutpoint) of the samplersfor PM, .. The only unexplained exception is
mass measured by the URG sampler at Rubidoux. This sampler reported an average mass
concentration that was more then 30 percent greater then that report by the FRM (see Tables
[1-8aand I1-8b). The major species are high on the URG sampler relative to the other
samplers at Rubidoux (excepting the MetOne), as opposed to having afew data points thet are
at an extreme vaue (see Figures 11-3 and 11-4). Trace elements associated with crustal material
are not high on the URG sampler relative to the other samplers a Rubidoux and these were
measured on the same Teflon filter asthe mass. In addition, comparable results among the
URG sampler and the other samplers were observed at Phoenix, where coarse particle
concentrations were Smilar to Rubidoux, therefore, it is likdy that the relatively high mass
concentrations observed at Rubidoux for the URG sampler were a problem only with that
particular URG sampler and the composition data do not provide the answer asthey did for the
MetOne sampler.
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2. PM, s trace element concentrations or groups of elements on the FRM Teflon filter as
determined by XRF are compared to trace element concentrations or groups of elements on
the Teflon filtersin the speciation samplers as determined by XRF. The hypothesisis that
thereis no statistical difference between the concentrations from each of the speciation
samplersto that fromthe FRM. These concentrations should be comparable since these
Species are stable.

Statisticd differences were found for dl trace eements (S, K, Ca, Fe, and Zn) a most
locations for the MetOne sampler as expected due to the inlet problem. The other samplers
had mixed results. However, even though the samplers were not equivadent (at alpha = 0.05)
to the FRM, in al cases, the differences on the average are usudly small in absolute
concentrations (see Table 11-8a) (except for the MetOne) and are reasonable based on the
precision obtained from collocated samplers (Table 11-2¢).

3. PM, 5 sulfate concentrations on the FRM quartz-fiber filter are compared to sulfate
concentrations on the Teflon (RAAS, SASS), quartz-fiber (MASS, VAPS), or nylon (IMPROVE)
filtersin the speciation samplers. The hypothesisisthat there is no difference between the
concentrations from each of the speciation samplersto that fromthe FRM. These
concentrations should be comparable since sulfate is a stable species.

Satidtica differences were found for sulfate for al samplers at one or two of the stes; athough
there is no congstent pattern among the Stes and samplers. However, the differences on the
average are usudly smdl in absolute concentrations (see Table 11-89) and relative to the FRM
(see Table 11-8b) and are reasonabl e based on the precision obtained from collocated samplers
(Table11-2c).

4, PM, s ammonium concentrations on the FRM quartz-fiber filter are compared to
ammonium ion concentrations on the Teflon (RAAS, SASS), quartz-fiber (MASS, VAPS), or nylon
(IMPROVE) filtersin the speciation samplers. The hypothesisis that there is no difference
between the concentrations from each of the speciation samplersto that fromthe FRM. These
concentrations may not be comparable since ammonium is volatile when in the form of
ammonium nitrate.

While manufacturers went to greet trouble to develop samplers that minimized sampling artifacts
for nitrate, no designs included collecting ammonium with minimd artifacts. Therefore, one
would expect anmonium to agree with the FRM. However, the t-test (dlpha = 0.05) indicated
sgnificant differences a mogt sites for the Andersen, IMPROVE, and URG; the MetOne
sampler is gatigticdly different only a Phoenix. For the collection of ammonium, based on the
averages (see Table 11-8a) and the data presented in Tables 11-10a-e, there appearsto be a
trend with quartz-fiber filters reporting the highest ammonium concentrations, then Teflon, with
nylon filters reporting the lowest averages and having the largest differences rdaive to the
FRM. In some cases, these differences are as great as 50% rdative to the FRM ammonium
concentrations; however, relative to PM, s mass the differences are smdll. It is possible that the
IMPROVE sampler reports|ower ammonium concentrations than the others due to enhanced
volatilization of ammonium from the basic nylon filter, i.e, NH,NO; thet volatilizes after
collection on the nylon filter efficiently collects the HNO;, but not the NH,.
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5.

PM, 5 nitrate concentrations on the FRM quartz-fiber filter are compared to nitrate

concentrations on the Teflon (RAAS, SASS), quartz-fiber (MASS, VAPS), or nylon (IMPROVE)
filtersin the speciation samplers. The hypothesesis that there is no difference between the
concentrations from each of the speciation samplersto that fromthe FRM. These
concentrations should be comparable since the collection of nitrate on these filters should all be
biased by the loss of nitrate due to volatilization, with the exception of the IMPROVE.

6.

The data presented in Table 11-13a, indicate a difference, on average, of up to 1.0 pg/ne for
nitrate measured on the Teflon filter relative to the quartz-fiber filter with the latter being
consgently higher, under the conditions observed during this study. The differenceislikely due
to a positive artifact associated with the quartz-fiber filter, which was pre-treated for carbon
andyss, i.e, heated to reduce carbon levels on thefiler. This assumes that quartz-fiber and
Teflon filter media have Smilar losses due to volatilization, which is apparently true for quartz-
fiber filters that have not been pre-heated (Chow 1995). Nitrate concentrations obtained from
the nylon filter on the IMPROVE sampler were not included in the andyss.

PM, 5 nitrate concentrations on the FRM quartz-fiber filter are compared to nitrate

concentrations on the nylon (RAAS, SASS IMPROVE), or quartz+nylon (MASS, VAPS) filtersin
the speciation samplers. The hypothesis is that the nitrate from each of the speciation samplers
isgreater than or equal to the nitrate on the FRM quartz-fiber filter, due to negative artifacts
anticipated collecting nitrate on a quartz-fiber filter in the FRM. This addresses questions about
the amount of nitrate volatilized from the FRM Teflon filter.

The paired t-test indicated Satigticaly equivdent results for particle nitrate between the
MetOne sampler and the FRM, while mixed results were observed at the other stesfor the
other samplers. The URG samplers reported condstently high nitrate concentrations relative to
the FRM as well asthe VAPS sampler (see Tables I1-10a - 11-10€), mentioned here because
the VAPS and URG used similar methods for measuring nitrate. Table 11-13b comparesthe
two methods for particulate nitrate. On the average, the direct method (nitrate measured on a
nylon filter directly behind a denuder) is consstently lower then the indirect method (requires
the sum of two filters, a nylon behind a denuder and Teflon filter and a quartz-fiber filter in
pardld) for particulate nitrate. The absolute differences are larger than the difference dueto
using the quartz-fiber filter, suggesting another reason for the difference, other then just the
posgitive artifact observed on the quartz-fiber filter for nitrate.

Volatilized nitrate was alow fraction (on average < 10%) of thetotd nitrate a dl Sites except
Phoenix, where it represented about 50% of the totd nitrate on average. Absolute vaues of
volailized nitrate were less than 0.5 ug/m? a Rubidoux, Philadelphia, and RTP, and around 1.3
ug/im? a Phoenix. On the average, differences between the FRM, Andersen, IMPROVE, and
MetOne were typically about 10%, with larger differences observed between these samplers
and the URG and VAPS. Differences between the direct and indirect methods for determining
volatilized nitrate were on the average, smadl (< 0.2 ug/n) (see Table 11-13c); although, on
average, the direct measurement was higher than theindirect at dl Stes.
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7. PM, 5 elemental carbon (EC) concentrations on the FRM quartz-fiber filter are compared
to EC concentrations on the quartz-fiber filters from the chemical speciation samplers. The
hypothesisis that there is no difference between the concentrations from each of the speciation
samplersto that fromthe FRM. These concentrations should be comparable since elemental
carbonis stable.

Mixed t-test results were observed for EC across the sites and samplers as seen in Tables 11-
10a-e. In generd, the FRM reported higher EC concentrations then the speciation samplers as
indicated in Tables 11-10a-10e and Table 11-8b. However, the differences were usualy small
(10-20%) on an absolute basis and reasonable based on the precision results obtained by
collocated sampling at Rubidoux (see Table 11-2¢).

8. PM, 5 organic carbon (OC) concentrations on the FRM quartz-fiber filter are compared
to OC concentrations on the quartz-fiber (MASS RAAS SASS, IMPROVE) filtersin the
speciation samplers. The hypothesisisthat there is no difference between the concentrations
from each of the speciation samplersto that of the FRM. These concentrations should be
compar able since as designed they all potentially experience similar negative or positive
artifacts.

Statigticdly different OC concentrations rel ative to the FRM were reported for the Andersen,
IMPROVE, and URG sampler a nearly al stes. The MetOne sampler was only different from
the FRM a RTP. Differences and variability were larger for the OC data then for many of the
other species. Asdiscussed earlier, the measurement of OC by the speciation samplersdso is
dependent on the face velocity of air being pulled through the filter (see Organic and Elementd
Carbon; Denuded vs Non-Denuded Organic Carbon Results). Thisresulted in larger (10-
30%) differences between the averages for OC measured by the speciation samplers and the
FRM then for the other mgjor species. The scatter isillustrated in Figures11-3e and 11-4e. The
face velocity effects can be seen in Figures 11-7aand 11-7b.

9. PM, s OC concentrations on the FRM quartz-fiber filter are compared to OC
concentrations on the quartz filter following an oversized XAD denuder from the VAPS
speciation sampler and from channel 5 on the SASSsampler. The hypothesisisthat OC on the
FRM will be greater than OC collected by the VAPS or SASS denuded channelsif there are
positive artifacts or less than the VAPS and SASS denuded channels if there are negative
artifacts. No difference would be inconclusive

The SASS denuder was never ingaled in the samplers, asit was found to be to brittle. A
modified honeycomb denuder will be used in Atlanta. Paired t-test andyss was not performed
for this comparison. However, it is evident from the other analyses that lower OC
concentrations were measured using the VAPS with the XAD diffusion denuder then without
the denuder for OC concentrations measured on dl other samplers. Results suggest (see Figure
11-6) that the VAPS denuder is at least diminating partidly the pogitive OC artifact OC
positive artifacts, relative to the FRM appear to account for up to 3 pug/m? under the conditions
observed during this study. No information is avallabdle on OC negative artifacts from the
experiments conducted here.
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Q3. How wel dothe measured concentrations from the various speciation samplers agree?
On the average, the chemica speciation samplers produced results for mass and the chemical
components of mass that agree within reasonable expectations based on the precision estimates
obtained from collocated samplers, that is, to within 10-30 percent depending on the species.

However, red differences exist among the samplers for organic carbon and nitrate. Removing the
biases associated with those measurements will provide even better agreement for those two species.
Paired t-test andysis supports this finding on the average. Differences greater then 30 percent were
observed in some cases for the trace ements, which may be important for receptor modeling, but not
for recongtructing PM, s mass. A number of exceptions have been noted and reasons for those
exceptions are described in the previous sections.

Q4. What arethe causes of the differences among the speciation samplersfor measured
concentrations of mass and the components of massif they exist.

This has been explained in the previous sections, with regard to mass, nitrate, and organic carbon.

However, there are subtle differences among the samplers that would be beneficid to explain. Aswell,

the samplers are dl designed dightly different and it would be useful to examine more carefully those

differences on their ability to obtain reliable and consstent chemica speciation data.

Specific Hypotheses Related to Questions Q3 and Q4

The following hypotheses compare the concentrations of the chemica components measured on the
chemica speciation samplers to each other to address why there are differences anong measured
concentrations, if they exist. For each of these hypotheses, only the concentrations from the speciation
samplers are compared, excluding the FRM, except for the first hypothes's, which will include the FRM
inthe andyss.

The following hypotheses were addressed in the above section when comparing the speciation samplers
to the FRM. There are subtle differences, i.e., peciation samplers show more variability among
themsdves for nitrate and carbon, than rdative to the FRM. Thisistypicaly due to the samplers
showing a consstent bias rather than arandom bias reative to the FRM, i.e., one sampler isusualy
high rdative to the FRM, while another isusudly low. Once again, from apractica standpoint and for
most species, the differences are usudly small and reasonable given the measured precision estimates
obtained from collocated sampling. However, there are redl differences observed for organic carbon
and nitrate that need to be addressed to reduce the variability among the samplers as differences as high
as 1-3 pug/m? are observed on average for nitrate and 1-4 pug/m? are observed for organic carbon.

1. PM, s mass and chemical composition as determined according to the manufacturer’s
guidelines. The hypothesisisthat all species of interest are comparable among the chemical
speciation samplers when concentrations are determined according to manufacturer’s
guidelines.

As noted above, on the average the concentrations of the species measured by the chemica
gpeciation samplers when operated according to the manufacturer’ s specifications agree within
reasonably expectations for most gpecies, based on the observed precision estimates obtained
from collocated sampling. Organic carbon showed more variability among the samplers, and
relative to the FRM, two samplers tended to be high while two tended to report lower OC
concentrations. Thus, differences among the samplers for OC is somewhat larger then when
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2.

comparing their values to the FRM. Thisvariation can be seen in Figure 11-3e and 11-4e.
These differences are in part due to acombination of positive and negative artifacts that have
been shown to occur during sampling and perhaps sample storage (Eatough et d. 1989;
McDow and Huntzicker 1990; Turpin et a. 1994).

Results shown in Figure 11-7aand 11-7b indicate the significant impact that face velocity through
thefilter or pressure drop across the filter has on the measured OC concentrations. Differences
among the chemica speciation samplers aso were noted for aerosol nitrate and were most
pronounced when volatilized nitrate was a large fraction of the totd nitrate (i.e., about 50% vs
10% in this study). These differences resulted in a consistent bias among the speciation
samplers relaive to the FRM and to each other with the URG and VAPS sampler typicaly
reporting nitrate concentrations higher then the FRM and the Andersen and MetOne typically
reporting concentrations lower then the FRM. It is believed these differences are due to the
methods used to collect aerosol nitrate. Two factor have been identified. First, the use of the
pre-heated quartz-fiber filter in the URG, VAPS, and FRM samplers and its associated positive
bias, and secondly, the direct vsindirect methods for collecting particulate nitrate.

However, based on the data presented here and the fact that there are no reference standards
for OC or nitrate, we are unable to indicated which sampler is providing more accurate results.
However, the data do indicate red differences between organic carbon and nitrate
concentrations among the samplers, both most likely due to positive artifacts for their repective
Species.

PM, s mass concentrations by gravimetric method on Teflon filters are compared among

the samplers. The hypothesisis that there is no difference in these masses.

3.

On average, when the samplers are operating correctly, they appear to be reporting smilar
PM,, s mass concentrations. For MetOne this condition is based on results obtained for that
sampler using the sharp cut cyclone, rather then its origind design tested here using the spird
inlet (see Appendix H). The one exception to thisis the URG sampler a Rubidoux.
Examination of the compodtion datafailed to reved the cause of this difference.

PM, s elements (individually or in groups) from the Teflon filters as measured by XRF are

compared among the samplers. The hypothesisisthat thereis no difference in these
concentrations as these elements are stable during sampling and analysis.

4.

In generd, there was good agreement among the samplers for trace e ements, with the
exception of MetOne, due to the spird inlet gpparently dlowing coarse particles to penetrate to
thefilter. Moreinformation is given above in No. 2 under Specific Hypotheses Related to
Questions Q1 and Q2.

PM, 5 nitrate concentrations from the nylon (RAAS, SASS, IMPROVE) or Teflon+nylon

(MASS, VAPS) filters are compared among the samplers. The hypothesisisthat thereisno
difference in these concentrations.
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Red differences are seen among the speciation samplersfor particle nitrate. The differences
appear to be due to the use of pre-heated quartz-fiber filters, used for organic carbon analysis,
and differences among how the denuder/filter pack arrangements are used in the samplers.
More detall is given aove in No. 6 under Specific Hypotheses Related to Questions Q1 and
Q2 and No. 1 under Specific Hypotheses Related to Questions Q3 and Q4.

5. PM, 5 sulfate from the Teflon (RAAS, SASS), quartz (MASS, VAPS), or nylon (IMPROVE)
filters are compared among the samplers. The hypothesisisthat there is no difference in sulfate
concentrations as sulfate is stable during sampling and analysis. We will also look at sulfate
estimated from XRF sulfur (SX 3 equal to sulfate) to see how well XRF sulfur estimates sulfur
determined by IC from both Teflon or quartzfilters.

As discussed above, no differences are observed for measured concentrations of sulfate among
the samplers. More details are given above in No. 3 under Specific Hypotheses Related to
Questions Q1 and Q2.

Comparison of sulfur by XRF times three (S*3) to sulfate by 1C showed excellent agreement
among dl samplers. Ratios of S*3/Sulfate were 1.08 + 0.13; 1.06 + 0.10; 0.99 + 0.08; and
1.06 = 0.05 at Rubidoux, Phoenix, Philadelphia, and RTP, respectively. These dataare
indigtinguishable from aratio of 1, thus, XRF sulfur could be used to estimate sulfate, under the
conditions that occurred during this study.

6. PM, 5 organic and elemental carbon from the quartz-fiber filters where no denuder is
used will be examined relative to each other. Since channel 5 of the VAPS uses a denuder, it will
not be included in this hypothesis. The hypothesisis that the concentrations of OC and EC are
the same provided no denuder is employed.

As discussed above, differencesin face velocity across the filter (or pressure drop through the
filter) resulted in red differences (from 1-4 pg/m?® on average) among the measured OC
concentrations for these samplers. More details are given in Nos. 7 and 8 under Specific
Hypotheses Related to Questions Q1 and Q2 and No. 1 under Specific Hypotheses Related to
Questions Q3 and Q4.

7. PM, ; organic and elemental carbon from quartz filters including speciation samplers
where a denuder is used is compared among the samplers. The hypothesisis that samplers that
use denuders (i.e., the VAPS) will have lower OC concentrations since the potential for positive
artifact due to organic vapors has been minimized. Nothing can be said about negative
artifacts. EC should not be affected.

As described above, the OC measured by the VAPS sampler behind the XAD denuder was
conggtently lower then the other samplersindicating remova of positive atifact from the air
dream. Egtimates of this postive artifact were obtained rlaive to PM, . mass measured by
the FRM (also see Tolocka et d. 2000). Positive artifact for OC ranged from about none at
RTP to about 3 pg/m? at Phoenix. Artifact at Rubidoux could not be estimated due to the
operationa problem with the VAPS sampler at that Ste. More information is given abovein
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No. 9 under Specific Hypotheses Related to Questions Q1 and Q2 and No. 1 under Specific
Hypotheses Related to Questions Q3 and Q4.

8. PM, s ammonium from the Teflon (RAAS, SASS), quartz (MASS, VAPS), or nylon
(IMPROVE) filters are compared among the samplers. The hypothesisis that the concentrations
of ammonium are the same for all speciation samplers as all potentially suffer from negative
artifacts.

Measurement of ammonium ion in the speciation samplers did not incdlude a method to minimize
artifact due to volatilization of ammonium nitrate. Variability among the samplers was on the
order of 0.5 pg/ne or less. In generd, the IMPROVE sampler was dightly lower then the other
samplers, likely due to the use of anylon (basic pH) filter to collect abasic gas (NH; after
dissociation of NH,NO,), while HNO; would be collected efficiency by the nylon filter. More
detall is given above in No. 4 under Specific Hypotheses Related to Questions Qla and Q1b.

9. Ammonium nitrate equilibriumis a function of temperature and relative humidity and
thus, nitrate and HNO, concentrations will be compared as a function of temperature and RH to
determine if these factors bias sample collection. The hypothesisis that there is not differencein
the samplers as a function of temperature or RH.

Due to resource limitations, HNO; data were not obtained from the VAPS Na,CO; denuder.
Therefore, this hypothess can not be fully evaluated. However a partid responseisgivenin
No. 6 under Specific Hypotheses Related to Questions Q1 and Q2 and No. 1 under Specific
Hypotheses Related to Questions Q3 and Q4.

10. Crustal related elements are typically associated with particles greater than 2.5 um AD,
however, differencesin theinlet efficiency or slope of the collection efficiency curves may result
in different concentrations of crustal related material being measured by these samplers. The
hypotheses is that the crustal related material as determined from summing the oxides of Fe, Ca,
and S are not statistically different among the samplers. If differences are observed relate these
differences to the coarse particle mass as measured by the VAPS or by other collocated PM,,
monitors. Wind speed may also be a variable of interest in this analysis.

Significantly higher mass concentrations are reported by the MetOne sampler using the spird
inlet then the other samplers, including the FRM. As sated above, thisis due to the spird inlet
alowing particles greater than 2.5 um to penetrate, aswel as an efficiency curve that isnot as
steep as the FRM or Andersen cyclone (Peters et a. 2000; Appendix H; Appendix 1)
Secondly, the VAPS sampler at Stes where high coarse particle loadings were observed, dso
had higher measured concentrations of crusta related € ements relaive to the other samplers,
except the MetOne. At Rubidoux thisis likely due to the operator leaving out the collection jet
after the first day of sampling, thus the VAPS collected PM,, on both its fine and coarse
sampling legs. However, high coarse particle related species dso were observed a Phoenix.
This suggests that the collection efficiency of the VAPS sampler is not as efficient as the other
speciaion samplers. Thisis expected as the dope of the efficiency curve for the VAPS is not
as sharp as, for example, the WINS impactor.
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In generd, the Andersen and IMPROV E samplers consistently reported dightly higher
concentrations of Fe, Ca, and S then did the FRM, while the URG reported dightly [ower
concentrations. While the differences among the Andersen, IMPROVE, and URG are usudly
smal, and reasonable based on the precision obtained with collocated samplers, they are
consstent biases and may be truly representative of differences among the samplers. For
example, the Andersen and IMPROVE use cyclones and the efficiency curve for the cycloneis
likely not quite as sharp as the WINS. The difference between the FRM and URG may be due
to the location of the denuder in the URG sampler, which is placed before the WINS impactor,
while the FRM does not have a denuder, but a hollow down tube. Additiona eva uations of
these fractionators are needed to more thoroughly address this hypothesis.
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SUMMARY AND CONCLUSIONS

The purpose of this sudy wasto evauate, prior to their implementation in EPA’s PM,, ; Chemica
Speciation Network (EPA, 1999), the three chemical speciation samplers now available on the
Nationa Sampler Contract. These samplers were compared to two historical samplers, the
IMPROVE sampler and the VAPS, as well asto two PM, s FRM, one operating with a Teflon filter
and one with a quartz-fiber filter to dlow for determination of the same species asin the chemica
peciation monitors. Samplers were operated for up to 20 days during January and February 1999 at
four stes around the county: Rubidoux, CA; Phoenix, AZ; Philadelphia, PA; and Research Triangle
Park, NC. These steswere chosen to represent different chemica atmospheres and environmenta
(meteorologica) conditions. Rubidoux experiences high nitrate and moderate organic carbon, but low
aulfate, Phoenix experiences high coarse particle crustd materid, high organic carbon, moderate nitrate,
and low sulfate, Philadelphia was chosen since it has high sulfate and low nitrate, while RTP was chosen
because it would represent an area near the sampler’s limit of detection.

Key findings from the study, separated into Site Characteristics, Operations, Measurement
Performance, and Implications include:

Site Characteristics

X Chemicd andysisindicated that the four cities chosen for the sudy met the criteriafor different
chemica atmospheres (Tolocka et a. 2000).

X Meteorological conditions aso were varied with average high temperatures around 70 F in
Phoenix and Rubidoux and around 38 F in Philadelphia, where it snowed during parts of the

study.
Operations

X All samplers encountered operationd or design problems that increased variability among
sampler results. Most operationd and design issues have been resolved by the manufacturers.

X The MetOne spird inlet dlowed particles greater then 25 m to penetrate and has been
replaced with a sharp cut PM 2.5 cyclone. Both fractionators have been evaluated in the
laboratory (Peters et al. 2000) against the WINS impactor in the FRM.

X Flow indicator problemsin the Andersen sampler identified through the audits, invaidated a
series of OC and EC data at Rubidoux. Fortunately, replicate data were obtained at that Site.
This problem has been rectified by the manufacturer.

X Insufficient pump capacity in the R& P 400 sampler invaidated data for the first two days at
Phoenix and Rubidoux. This problem was rectified by the manufacturer during the study.

X Tradeoffs exist among the samplers for ease of use, flexibility for sampling, and cost.

Measurement Performance
X Samplers tend to agree well (10-15%0n average) for stable species. There were afew

exceptions due to differencesin inlet collection characteridtics.
X XRF aulfur times 3 was datisticdly equd to sulfate by ion chromatography.
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X Differences of ~1-3 pg/m?® are observed among the samplers for nitrate. Differences appear to
be due partidly to the use of pre-heated quartz-fiber filtersfor nitrate vs Teflon filters. Results
aso suggest differences due to the method for collecting particle nitrate, one of which includes
adding the nitrate collected on the quartz-fiber filter to anylon filter behind a denuder and
Teflon filter (i.e, what istermed in this report the indirect method).

X Sulfate measured on Teflon filters agreed well (with 5% or s0) to sulfate measured on quartz-
fiber filters, suggesting that the differences mentioned above for nitrate between the two filter
types was not due to the ability of the samplersto collect fine particles, but to their ability to
collect ammonium nitrate.

X Differences of up to 3.5 ug/n, on average, are observed among samplers for organic carbon.
Differences gppear to be due to a positive sampling artifact and are a function of the face
velocity across the collection filters aswdl as other varigbles. Pogtive OC atifact was
edtimated relative to a quartz-fiber filter behind an XAD denuder. Reactive backup filters were
not used in this sudy so no information is available on negetive artifacts. Results from Phase |
of the study, where XAD and carbon impregnated filters and denuders are being eval uated for
efficiency and capacity, should yield consderable inaght for better understanding positive and
negative artifacts associated with collecting OC on quartz-fiber filters.

X While not definitive, the data suggest alow bias for the collection of ammonium on nylon filters.
It is postulated that the ammonia produced from ammonium nitrate volatilization is not efficiently
collected by the basic (pH) nylon filter; athough it is gppropriate for collecting nitrate with
minimal biasif a suitable denuder islocated up stream of the nylon filter. Further investigation
should be conducted to evauate the efficacy of usang a nylon filter to collect ammonium
aerosols.

X Reaults indicate that vacuum XRF can reduce the amount of nitrate on the filter by up to 40%.
Therefore, a Teflon filter analyzed for trace elements by XRF should not be used for nitrate
andysis, however, sulfateis not affected.

Implications
Nitrate

X Direct measurement of nitrate on areactive filter (nylon or Ng,CO5 impregnated) directly
proceeded by a diffuson denuder will likely provide the most reliable measure of total particle
nitrate. However, denuder coatings and reactive coating should be appropriately matched.
Thisimplication is supported by the following two results:

T Determination of nitrate by a sampling protocol that requires addition of nitrate
collected on a pre-heeted quartz-fiber filter will result in nitrate data biased high rlaive
to the direct denuder/filter method.

T Determination of nitrate by a sampling protocol that requires addition of nitrate
collected on a Teflon filter that has been previoudy andlyzed by vacuum XRF may be
biased low by at least 40%, based oninitid tests. Use of atmaospheric pressure XRF
may provide a suitable solution. Further tests are needed in this area
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Carbon

Samplers should operate the OC channd at 16. 7 I/min or an equivaent face velocity of other
flow rates or filter Szes are used to provide OC data that are consstent to the FRM, that is, to
minimize bias between OC associated with FRM mass measured on a Teflon filter to that
measured on a quartz-fiber filter. However, the FRM flow rate (face velocity) may not be the
ided face velocity for minimizing OC artifacts on quartz-fiber filters, it is only suggested here for
obtaining equivaent OC concentrations (assuming face velocity is the mgor cause for
differences observed). Use of organic denuders and reactive backup filters, smilar to that used
for nitrate, will be needed to obtain the least bias OC data, relative to OC concentrations
observed in air, aslong asfilter based technology with retrospective chemica andysisisthe
method of choice. These implications are supported by the following results:

T Positive artifact was observed for OC collected on quartz-fiber filters and accounted
for up to 3.5 pg/n? of the observed OC concentrations.

T OC concentrations measured on quartz-fiber filters were dependent on face velocity of
the air stream through thefilter, with lower face velocities reporting the highest OC
concentrations.

Additiona understanding of the differences between the IMPROV E and NIOSH methods for
OC and EC determination are required to allow comparable results to be obtained for EC and
OC by the two, now commercialy avalable methods. The Office of Research and
Development isin the process of conducting tests to establish the equivalency of these two
methods.
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Tablell-1. Summary of Flow Audit Results Outsde + 10%*, Vauesin Percent (Indicated - Audit
Flow); Data Shown are [Sampling Line] and Bias for Each Vaue Exceeding the Criteria.
(I = Initid, M = Middle; F = Find FHow Audits).

Rubidoux Phoenix Philadelphia RTP
Andersen #1 I
M [4] -43
F [1] +17
Andersen #2 I
M
F [4] +167
Met One #1 I
M
F
URG #1 I
M
F
URG #2 I
M
F
IMPROVE #1 I
M
F [3] -13
IMPROVE #2 I
M
F
FRM #1 I
M
F
FRM #2 I
M
F [R] -13
VAPS I
M [3] +11
F
IMPROVE I
25mm M
F [E-B] +11; [W-B] +12 [3] +29

* Therewere 9 values outside the range of <-10% and > +10% and; 19 val ues between the ranges of +5% to 10%
and (-5%) to (-10%) of which 8 were associated with the IMPROV E sampler that used 25 mm filters, leaving 11 in this
range over all other sampling lines. The total number of sampling lines where flow rates were audited across all sites
and audits was about 315.
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Tablell-2a. Limits of Detection in ng/n.

Concentration

Species (ng/?) Method

M ass! 2000* Gravimetric Andlys's
Sulfate? 19 lon Chromatography
Nitrate? 14 lon Chromatography
Ammonium? 14 lon Chromatography

oc? <300 Thermd Optical Reflectance
EC? <500 Therma Optica Reflectance
s 12 EDXRF

Si4 30 EDXRF

K4 54 EDXRF

Ca’ 7.8 EDXRF

M n* 2.1 EDXRF

Fe? 54 EDXRF

Cu? 24 EDXRF

zn* 2.1 EDXRF

Pb* 4.2 EDXRF

As 24 EDXRF

= By Federal Reference Method: Using field blanks, mass detection limit of the FRM is defined as the

absol ute value of measured mean plus 10 times the standard deviation. From past studies, this resulted
in approximately 46 micrograms. For a16.7 Lpm sampler, this equates to a detection limit of approx. 2

micrograms per cubic meter.

2 LOD based on 3 times the basdine noise.

field blanks collected during the study.

Detection limits calculated as 3 times the standard deviation of the field blanks, averaged across all

Detection limits cal culated as 3 times the propagated uncertainty in the XRF method.
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Tablel1-2b. Average Fidd Blank Datafor All Species and Samplers Averaged Across All SitesIn
Atmospheric Concentrations (n=10).

Sampler | FRM AND IMP MET URG VAPS Dﬁ?n‘:;‘tif” [ﬁﬁﬁ”
Species Average * Standard Deviation in pug/m?
PM25 02+02 02+01 01+02 0205 01+02 0202 2 5
SO, -T 0000 0000 00x01 0.01 0.03
SO,-Q | 005+0.02 01+00 00+00 0.01 0.03
NOs-T 0000 0000 0000 0.01 004
NO; N 00+00 00+00 00+00 00+00 0.01 0.04
NOs;-Q 0.02+0.01 0000 0000 0.02 004
NH,*-T 00+00 00+00 00+00 0.01 0.03
NH,*-Q | 0.02+0.02 0000 0.01 0.03
oC 05+02 15+03 00+0.2 0.7+0.6 04+001 04+01 04 1
EC 00+£01 00+£01 00+00 00+01 00+£00 0.0+£00 0.09 0.2
Average * Standard Deviation in ng/n?®
S 19+31 32+36 27+30 | 188+223 | 15+33 44+41 35 87
Si 10+ 14 51+84 93+80 35+£38 64+82 71+82 85 212
K 06+10 02+06 00+00 17+41 00+00 00+00 15 37
Ca 00+0.0 00x00 03x14 16+ 31 0000 0000 21 53
Mn 02+03 02+03 00+00 03+0.7 00+00 03+06 05 14
Fe 21+30 07+14 03+088 | 55+138 0617 03x0.7 14 37
Cu 01+03 01+03 01+03 08+19 00+00 02+05 0.7 17
Zn 01+02 0305 0000 2445 0205 0205 05 14

* Based on 16.7 L/min
**  Basedon 6.7 L/min
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Table11-2c. Precison (as % CV) Achieved by FRM and Speciation Samplers Based on the Results

from the Collocated Samplers at Rubidoux.*

Sampler FRM AND IMP MET URG
Species In Percent
PM2.5 5.8 3.2 54 4.7 7.6
SO, 11.0 29 6.1 31 6.2
NOs-T SeeNote 1 4.0 SeeNote 1 31 SeeNote 1
NO;-P 111 15.3 6.1 3.9 135
NH," 12.8 24 7.8 3.3 6.4
oC 84 See Note 2 22.7 9.7 8.3
EC 12.7 See Note 2 38.4 7.0 7.6
SasSO,” 33 33 8.7 4.3 24
Si 23.1 24.4 17.9 195 19.9
K 6.7 4.4 10.5 11.3 5.6
Ca 15.1 124 11.3 18.3 10.2
Mn 16.6 37.8 17.9 46.1 171
Fe 8.7 8.9 9.3 11.9 8.2
Cu 54.9 30.6 38.0 39.3 29.7
Zn 104 6.8 16.0 10.6 10.7
Phb** 31 14 36 40 19
As** 140 120 120 130 140
PM 10*

* Only asingle VAPS sampler was located at Rubidoux.

**  Valueswere at or near the limit of detection for that species and these species have been excluded in

the remainder of the comparisons for that reason.
1. Nitrate was not measured on the Teflon filter for these samplers.

Precision for OC and EC could not be calculated for the Andersen Sampler because of an incorrect
indicated flow rate on Channel 4 for the primary sampler at Rubidoux. Therefore, replicate data for these
species were used for statistical analyses performed in this report.
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Table11-3. Vdid Data Capture in Percent by Sampler and Mgjor Species*

Maximum - \\o | Frm | iMp | MET | UrRG | vaps
Possible
PM,s; Mass and Trace Elements
Rubidoux 32 97% 94% 97% 91% 75% 75%
Phoenix 20 100% 95% 95% 90% 70% 65%
Philadelphia 20 100% 95% 90% 90% 100% 75%
RTP 20 100% 90% 95% 90% 95% 75%
Sulfate, Nitrate, Ammonium lons
Rubidoux 32 94% 84% 100% 97% 100% 100%
Phoenix 20 100% 100% 85% 90% 100% 85%
Philadelphia 20 100% 100% 95% 90% 95% 95%
RTP 20 100% 100% 85% 90% 100% 85%
Organic and Elemental Carbon
Rubidoux 32 97% 88% 97% 97% 100% 94%
Phoenix 20 100% 100% | 100% 95% 100% 85%
Philadelphia 20 100% 100% 95% 90% 95% 95%
RTP 20 100% 95% 95% 85% 100% 80%

*  Shaded values represent data capture | ess than 90%.
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Tablell-4. Summary of Problems Encountered In the Field During Operations Of Sampler Evaluated in this Study.

Sampler Category Site! Noted Problem or Deficiency
Andersen RAAS Sampler Installation PA Sampler weight noted to be heavier than average
Initial Setup
Auditsand Calibration RU Calibrations were lost on two different occasions
Programming
Filter Holder Exchange RU,PX,PART O-ringsfell out during field filter exchange
DataRetrieval
Sampler Maintenance
Operating Manual
Other operational problems RU,PA,RT Fluctuationsin indicated flow rates
RU Driftsin cabinet temperature noted
RU Slight water intrusion in back panel
RU Difficult to diagnose leaksin sampler manifold
MetOne SASS Sampler Installation
Initial Setup
Auditsand Calibration
Programming
Filter Holder Exchange RTPlab Laboratory disassembly of filter canister noted as difficult without damaging or

contaminating collected filter sample

Data Retrieva

Sampler Maintenance
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Tablell-4. Summary of Problems Encountered In the Field During Operations Of Sampler Evaluated in this Study.

Sampler Category Site! Noted Problem or Deficiency
MetOne SASS(cont.) | Operating Manual
Other operational problems RU Sampler shut down after 10 hours on one occasion

PX.RT On one occasion, sampler indicated a 1sec run time

PA On two occasions, sampler did not start as programmed.

RT Initially, the sampler indicated incorrect flow rates due to use of improper flow
transducers during the sampler’ s construction. Replacement of transducers
corrected the problem.

RT Pump failed and required replacement.

RU Recommended changing the manner in which information islisted on the screen

PA Sharp edges were encountered on inlet head assembly

PA Screen not easily read in bright sunlight

URG MASS Sampler Installation
Initial Setup
Audits and Calibration
Programming
Filter Holder Exchange
Data Retrieval
Sampler Maintenance
Operating Manual
Other operational problems RU Sampler could not provide sufficient flow rate. Higher capacity pumping system
installed.

RU Problems encountered with LED screens.

RU Filter temperature flags frequently encountered.

PX Filter temperature flags frequently encountered.

RU,PX, PA, RT | Sampler could not provide sufficient flow rate. Higher capacity pumping system

PX,PA installed
Filter holder subject to cross-threading
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Tablell-4. Summary of Problems Encountered In the Field During Operations Of Sampler Evaluated in this Study.

Sampler Category Site! Noted Problem or Deficiency
IMPROVE Sampler Installation RU,PX,PART Setup of sampler noted to be cumbersome
Initial Setup
Audits and Calibration
Programming
Filter Holder Exchange
Data Retrieval
Sampler Maintenance RU Faulty pumps, timers, and valves
RT Transformer had to be replaced due to water intrusion into case
Operating Manual RT A condensed operating manual was suggested to be of value
Other operational problems RU Faulty pump timer and required replacement
RU Pump failed and required replacement.
RU Denuders difficult to change
PX Problems encountered with magnahelics.
PX On one occasion, timer did not display correct elapsed time.
RT On two occasions, water was noted inside sampling case.
RT On one occasion, solenoid valve did not function.
RT On one occasion, elapsed timer failed.
PX Filter holders difficult to change
PA Connection from solenoid to filter holder was unreliable
VAPS Sampler Installation
Initial Setup RU Problems encountered with flow calibration requiring tube replacement.
Audits and Calibration
Programming RT Sampler did not start due to operator error
Filter Holder Exchange RU Hoses connecting filter holders would frequently work loose
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Tablell-4. Summary of Problems Encountered In the Field During Operations Of Sampler Evaluated in this Study.

Sampler Category Site! Noted Problem or Deficiency
VAPS (cont.) Data Retrieval

Sampler Maintenance

Operating Manual

Other operational problems PX On one occasion, sampler did not automatically shut down as programmed.
PA On one occasion, sampler did not automatically shut down as programmed.
RT On two occasions, sampler did not automatically shut down as programmed.
RU,PX,PA O-ringsroutinely fell out during filter exchange
RU Sampler provided no information except total flow rate and elapsed time
PX Problems encountered with timers
RU,PX,PART Lower virtual impactor nozzle routinely fell out during filter exchange
PART Simpler, more reliable form of timer was suggested
PA Unit needs direct readout of sampling flow rate

FRM-BGI PQ 200 Sampler Installation

Initial Setup

Audits and Calibration

Programming

Filter Holder Exchange

Data Retrieval

Sampler Maintenance RU Sampling pump required replacement
RU Entire sampler had to be replaced on one occasion
RU Recommended sampler redesign to prevent impactor from falling out during

sample exchange

Operating Manual
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Tablell-4. Summary of Problems Encountered In the Field During Operations Of Sampler Evaluated in this Study.

Sampler Category Site! Noted Problem or Deficiency
FRM-BGI PQ 200 Other operational problems RU On one occasion, some water intrusion noted on impactor shelf and bottom of
(cont.) cabinet
Sampler would not operate - firmware upgrades installed
PA On several occasions, some water intrusion noted within cabinet
PA Rotating handle mechanism needs to be redesigned
FRM -R&P Sampler Installation
Initial Setup
Auditsand Calibration
Programming
Filter Holder Exchange
Data Retrieval
Sampler Maintenance
Operating Manual
Other operational problems RT Filter exchange mechanism did not operate properly on three occasions

1. Ru=Rubidoux, PX = Phoenix, PA = Philadelphia, RT = Research Triangle Park
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Tablel1-5. Species Concentration Data for the FRM at Each Location of the 4 City Study.

Rubidoux Phoenix Philadelphia RTP
N Std . Valid N Std . Valid N Std . Valid . | Std . Valid
AVG Dev Max | Min Data AVG Dev Max | Min Data AVG Dev Max | Min Data AVG Dev Max | Min Data

Concentrationsin (ug/m?)

PM-2.5 26.7 202 | 743 | 22 14 14.9 6.8 253 | 39 17 17.4 90 | 376 | 50 17 110 54 238 4.4 16

SO4Q 17 16 6.0 0.3 13 0.9 04 18 0.2 18 41 21| 84 15 18 33 16 6.2 0.7 18
NO3P 118 104 | 38.0 | 01 13 3.1 2.2 7.4 0.2 18 3.8 21 ] 86 0.9 18 0.7 0.6 2.3 0.1 18
NH4 4.0 3.6 132 | 01 13 12 0.7 25 0.1 18 2.6 13| 58 0.8 18 13 0.6 2.3 0.2 18
ocC 57 21 100 | 21 13 7.6 25 125 | 4.0 18 4.3 20| 96 2.3 18 34 1.9 85 15 17
EC 3.3 1.9 7.7 0.6 13 3.3 13 57 15 18 25 13 | 57 0.8 18 15 0.9 3.7 0.6 17

Concentrationsin(ng/m?3)

S 600 560 | 1930 | 110 12 300 150 640 71 17 1400 730 | 280 | 390 17 1100 560 210 260 16
Si 160 100 378 16 12 280 150 480 50 17 47 30 | 130 19 17 72 61 230 19 16
K 80 35 125 24 12 140 70 250 30 17 55 25 | 120 29 17 67 42 180 32 16
Ca 160 110 360 34 12 110 62 220 26 17 35 24 | 110 13 17 32 36 150 13 16
Fe 170 100 386 55 12 210 110 420 57 17 100 82 | 300 18 17 52 32 120 11 16
Cu 7 8 31 0 12 9 9 38 2 17 5 4 13 1 17 8 15 64 0 16
Zn 70 78 255 4 12 18 10 48 2 17 32 22 83 5 17 16 14 55 5 16
Pb 14 130 49 18 12 6.6 52 22 0.0 17 12 11 39 26 17 4.3 35 16 0.0 16
As 0.3 0.6 14 0.0 12 11 13 35 0.0 17 0.7 11| 36 0.0 17 05 0.8 29 0.0 16

* Sampling dates included in averages:
Rubidoux — 1/15/99 to 2/26/99

Phoenix — 1/14/99 to 2/21/99
Philadel phia— 1/21/00 to 2/26/99

RTP —1/19/99 to 2/24/99

Part |1 Tables, Page 12



Tablell-6. Egtimated PM, s Mass Balance of Species versus Measured PM, 5 Mass (ug/n) for the
FRM at Each Site.

Species’ RUB PHO PHI RTP
S04Q 17 0.9 4.1 3.3
NO3P 118 31 3.8 0.7
NH4 4.0 12 26 13
E)Araﬁr”:; 8.0 10.7 6.0 4.8
EC 3.3 3.3 25 15
I(\:/Ir:t? . 0.8 11 0.3 0.3
gg:‘ns;nm < 29.6 20.1 19.2 11.9
m Zaszured 26.7 14.9 17.4 11.0
Per cent
M easur ed 11 135 110 108
M ass
Coar se PM ** 216 17.2 4.2 4.0
%NO3* 44.2 20.5 216 6.7
% SO4* 6.4 5.8 233 30.1
%Or ganics* 30.1 715 34.2 43.8
% Crugtal* 3.0 7.0 17 25
FingPM10in % 55 46 81 73

*  Relative to the measured mass.
**  Rubidoux coarse mass estimated from difference between VAPS PM , . mass minus PM , ; mass measured on the

Andersen, assumes VAPS sampleisPM ,,.

+ Species

S04Q is sulfate measured on the quartz-fiber filter by IC

NO3P is nitrate measured on the quartz-fiber filter by |C and represents the best measurement of nitrate by

that sampler and isreferred to in thisreport as particle nitrate

Organic Material =0OC*1.4

Crudtal Material Estimate (ug/n?) = (2.14*Si + 1.43* Fe+1.4* Ca)/1000
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Tablell-7. Average Voldilized Nitrate (NO3V) in pg/m? Observed for Each Sampler at Each City.

Flow Rate
Rubidoux | Phoenix | Philadephia RTP
T or Q | Denuder
(ng/m?°) (Lpm)
Volatilized Nitrate
Andersen -0.36 1.46 0.22 0.48 16.7 7.3
MetOne 1.01 114 0.41 0.48 6.7 6.7
URG 0.99 1.57 0.37 0.56 16.7 16.7
VAPS 0.64 141 0.78 0.58 16.7 16.7
IMP-FRM 0.12 0.87 0.26 0.47 16.7 22.7
Average NO3P?
All Samplers 115 3.3 3.7 10
Average PM 2.5
Mass, All Samplers? 324 171 184 11.8
n 65 77 83 82
NO3V/Avg NO3P
+ + + +
(Average + 6) (%) 12+ 19 37+ 20 13+ 16 51+ 26
NOsV / PM2.5 Mass
(Average + 6) (%) 15+18 | 7.6+ 1.7 22+12 44+04
Temp. (°F) During Study Days
Average 57 56 41 47
Avg. Max. 70 70 50 60
Avg. Min. 45 44 33 34
1 Nitrate measured on the nylon filter on the IMPROV E sampler minus nitrate measured on the Teflon filter of

the Andersen sampler.

Averaged over all samplers except the FRM at agiven site; these PM2.5 mass and nitrate values are given

to allow for general comparisons amongst sites of the amount of nitrate volatilized from the Teflon filter
under the conditions of this experiment.
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Table11-8a. Mean Andyte Concentrations for Each Sampler & All Sites!

Mean Concentrations
Analyte | Site N FRM | anp | imp | MET ] URG | VAPS
(g/m?)
Rubidoux 9 17.9 17.7 17.4 235 24.1 38.4
PM, ¢ Phoenix 7 15.1 15.4 13.3 27.8 14.7 16.1
) Philadelphia 13 18.9 19.0 18.8 19.7 19.2 22.7
RTP 10 114 11.3 10.9 12.1 11.7 13.2
Rubidoux 13 1.7 1.7 1.6 1.8 1.8 1.9
Phoenix 13 0.8 0.7 0.7 0.9 0.8 0.8
Sulfate - -
Philadel phia 16 4.0 3.8 38 39 39 35
RTP 13 3.4 3.3 3.3 3.3 3.4 3.3
Rubidoux 4 1.6 1.7 1.6 1.9 1.8 1.9
Phoenix 7 0.9 0.9 1.0 11 0.9 0.9
Sulfur as Sulfate e e 17 41 40 37 75 44 43
RTP 10 3.1 3.1 2.9 3.2 3.3 3.0
Rubidoux 8 14.7 13.8 14.4 16.0 16.8 17.0
Particul Ni Phoenix 9 2.7 2.7 2.2 2.9 4.0 4.0
articulate Nitrate o Gelphia |15 3.7 35 35 3.7 4.0 3.9
RTP 10 1.0 1.1 1.1 1.1 1.7 1.7
Rubidoux 13 4.0 3.7 3.2 4.0 4.4 3.8
Ammonium Phoenix 13 1.2 0.6 0.6 0.8 1.0 1.1
Philadel phia 16 2.6 2.4 2.2 2.6 2.6 2.2
RTP 13 1.3 1.3 1.2 1.2 1.5 15
Rubidoux 12 5.6 6.9 4.1 6.2 5.3 6.4
o ic Carb Phoenix 14 7.6 9.1 6.5 8.1 6.5 4.7
rganictarbon e Gelphia | 16 44 56 240 20 3.8 28
RTP 12 3.6 4.1 3.0 4.1 2.9 3.1
Rubidoux 12 3.2 2.8 1.8 3.0 3.1 3.0
Elemental Carbon Ehoenix. 14 3.3 2.8 2.7 3.0 3.2 2.8
Philadelphia 16 2.6 2.4 2.3 2.2 2.4 2.2
RTP 12 1.5 1.4 1.2 1.4 1.5 15
(ng/m®)
Rubidoux 4 103 159 134 553 106 821
Silicon Phoenix 7 293 356 364 1502 232 383
Philadel phia 11 54 59 64 119 57 61
RTP 10 89 82 80 105 79 166
Rubidoux 4 61 70 66 140 63 188
Potassium Phoenix 7 141 144 148 328 134 150
Philadelphia 11 61 62 61 73 64 64
RTP 10 75 73 69 82 77 82
Rubidoux 4 79 126 118 478 81 577
. Phoenix 7 119 152 157 671 98 166
Calcium - -
Philadelphia 11 38 44 42 84 35 39
RTP 10 41 40 38 51 35 56
Rubidoux 4 111 153 141 339 117 503
Iron Phoenix 7 223 262 264 669 193 276
Philadelphia 11 122 135 128 177 122 126
RTP 10 54 52 49 70 49 70
Rubidoux 4 12.3 13.4 12.0 25.4 12.9 185
Zinc F_’hoenix. 7 18.1 18.4 18.8 29.6 17.6 17.3
Philadelphia 11 36.2 38.2 34.6 38.5 38.9 38.7
RTP 10 19.3 14.9 14.5 14.4 15.6 14.8
1. Shaded dataindicate values inconsistent with other samplers. Reasons for differences are explained in the

text for most data points. Questionable data, with no direct explanation, remain in the data base and are
included in the statistical analyses presented in this report.

Part |1 Tables, Page 16



Table11-8b. Ratio of Speciation Sampler to FRM for Chemical Components by Site>2.

Site Ander sen IMPROVE URG MetOne Average StdDev
Rubi doux 0.99 0.97 135 131 116 0.20
- Phoenix__ 1.02 0.88 0.97 1.84 118 0.45
: Philadel phia T01 0.99 702 104 T01 0.02
TP 0.99 0.96 103 106 101 0.05
Rubi doux 1.00 0.94 1.06 1.06 1.01 0.06
Sulfat Phoenix 0.88 0.68 7.00 113 0.07 0.12
ate Philadelphia 0.95 0.95 0.98 0.98 0.96 0.01
RTP 0.97 0.97 100 0.97 0.08 0.01
Rubidoux 0.94 0.98 114 1.09 1.04 0.09
bonitrate  [PN0ENIX .00 0.81 148 1.07 1.0 0.28
Philadel phia 0.95 0.95 1.08 .00 0.99 0.06
RTP .10 110 .70 710 105 0.30
Rubi doux 0.93 0.80 1.10 1.00 0.96 013
Ammonium  EOEIX_ 0.50 0.50 0.83 0.67 0.63 0.16
Philadel phia 0.92 0.85 .00 .00 0.94 0.07
RTP 1.00 0.92 115 0.92 1.00 011
Rubidoux 1.08 0.64 0.83 0.97 0.88 0.19
Organic Phoenix 1.04 138 1.38 172 161 0.27
Carbon® Philadel phia 2.00 143 136 143 155 0.30
RTP 132 0.97 0.94 132 114 021
Rubidoux 0.88 0.56 0.97 0.94 0.84 0.19
Elemental  |Phoenix 0.85 0.82 0.97 001 0.89 0.07
Carbon Philadel phia 0.92 0.88 0.92 0.85 0.89 0.04
RTP 0.93 0.80 .00 0.93 0.92 0.08
Rubi doux .05 .00 710 113 1.07 0.06
Sulfur Phoenix 0.98 103 0.99 117 1.04 0.09
Philadel phia 1.02 0.90 1.06 1.08 102 0.08
RTP 7.00 0.94 708 104 T01 0.06
Rubidoux 1.54 1.30 1.03 5.35 2.31 2.04
Silicon Phoenix 121 1.24 0.79 513 2.09 203
Philadel phia 709 117 104 2.19 137 054
RTP 0.01 0.89 0.88 118 0.97 0.14
Rubidoux 1.15 1.08 1.03 2.29 1.39 0.60
Potass Phoenix 702 105 0.95 233 134 0.66
orassiUM 5y i ladelphia 1.02 101 1.06 1.20 1.07 0.09
RTP 0.98 0.93 104 710 101 0.07
Rubidoux 1,59 1.49 1.02 6.04 253 235
Calcium Phoenix 1.7 131 0.82 5,62 226 205
Philadel phia 115 1.10 0.92 2.20 134 058
RTP 0.98 0.93 0.86 125 .00 0.17
Rubi doux 1.39 1.8 1.06 3.06 1.70 0.92
on Phoenix 117 1.19 0.86 3.00 156 0.97
Philadel phia .10 1.05 .00 145 115 0.20
RTP 0.96 0.90 0.90 128 701 0.18
Rubidoux 1.09 0.98 1.05 2.07 1.29 052
Jine Phoenix 1.02 1.04 0.97 164 117 031
Philadel phia 106 0.96 107 106 104 0.05
TP 0.77 0.75 081 075 0.77 0.03

Shaded cells represent val ues exceeding the PM Expert Panel’ s performance criteria: Slope=1+ 0.1 for
mass, nitrate, and ammonium, and 1 + 0.05 for sulfate

Organic carbon isrelative to OC measured on the quartz-fiber filter behind the XAD denuder located in
the VAPS sampler.

Part 11 Tables, Page 17



Tablell-9. Regression Statistics of FRM (x-axis) versus Speciation Samplers (y-axis) for All Sites, Samplers, and Major Species.

PM2.5 Mass* Sulfate*
Site Sampler Slope StScIiOI;Z)rer. I nter cept Isnttd&t R’ Sampler Slope Stscliolf)rer. Inter cept Isnttder;,r)t R
Andersen 1.10 0.05 -2.94 155 0.979 Andersen 1.03 0.04 -0.06 0.10 0.982
IMPROVE 111 0.07 -3.61 2.30 0.955 IMPROVE 0.93 0.04 0.00 0.09 0.982
Rubidoux MetOne 1.15 0.14 4.16 4.61 0.851 MetOne 0.97 0.04 0.12 0.10 0.977
URG 1.43 0.04 -2.18 135 0.992 URG 1.10 0.03 -0.09 0.08 0.990
VAPS 1.90 0.23 1.88 511 0.883 VAPS 1.08 0.05 0.05 0.11 0.979
Andersen 0.98 0.02 0.29 0.26 0.996 Andersen 0.89 0.04 -0.02 0.04 0.971
IMPROVE 0.76 0.05 1.56 0.81 0.940 IMPROVE 0.89 0.04 -0.01 0.04 0.969
Phoenix MetOne 1.67 0.21 1.52 3.44 0.826 MetOne 0.96 0.04 0.13 0.04 0.971
URG 0.94 0.04 0.32 0.68 0.979 URG 0.95 0.05 0.03 0.05 0.957
VAPS 119 0.10 -1.26 1.65 0.936 VAPS 0.87 0.06 0.03 0.06 0.947
Andersen 1.01 0.01 -0.11 0.19 0.999 Andersen 1.04 0.04 -0.40 0.16 0.981
IMPROVE 1.00 0.02 0.00 0.38 0.995 IMPROVE 0.99 0.03 -0.14 0.13 0.988
Philadelphia MetOne 1.08 0.05 -0.59 1.02 0.970 MetOne 1.02 0.03 -0.17 0.12 0.990
URG 1.02 0.03 0.01 0.54 0.989 URG 1.01 0.02 -0.16 0.10 0.992
VAPS 1.33 0.06 -2.45 1.31 0.976 VAPS 0.90 0.02 -0.15 0.09 0.993
Andersen 0.97 0.03 0.09 0.42 0.983 Andersen 104 0.02 -0.18 0.07 0.995
IMPROVE 0.99 0.03 -0.20 0.35 0.988 IMPROVE 1.04 0.02 -0.22 0.09 0.993
RTP MetOne 1.09 0.04 -0.28 0.46 0.985 MetOne 1.05 0.03 -0.21 0.12 0.986
URG 1.05 0.02 -0.02 0.30 0.993 URG 1.02 0.03 -0.03 0.10 0.988
VAPS 1.12 0.05 0.57 0.67 0.981 VAPS 1.04 0.04 -0.17 0.14 0.982
Nitrate* Ammonium*
Andersen 0.92 0.03 -0.13 0.49 0.987 Andersen 1.01 0.02 -0.32 0.09 0.997
IMPROVE 0.93 0.04 0.23 0.56 0.984 IMPROVE 0.83 0.03 -0.12 0.16 0.986
Rubidoux MetOne 1.06 0.03 0.06 0.51 0.989 MetOne 1.03 0.02 -0.16 0.09 0.997
URG 1.05 0.06 1.15 1.13 0.975 URG 1.06 0.03 0.14 0.14 0.993
VAPS 1.09 0.07 0.55 1.09 0.967 VAPS 0.99 0.05 -0.22 0.26 0.975
Andersen 0.95 0.04 0.14 0.14 0.977 Andersen 0.57 0.06 0.00 0.08 0.872
IMPROVE 0.73 0.04 0.20 0.16 0.951 IMPROVE 0.49 0.05 -0.01 0.07 0.861
Phoenix MetOne 1.00 0.06 0.23 0.21 0.959 MetOne 0.73 0.06 -0.01 0.09 0.902
URG 1.41 0.07 0.26 0.24 0.970 URG 0.89 0.07 0.00 0.10 0.911
VAPS 1.21 0.08 0.46 0.30 0.951 VAPS 0.89 0.08 0.05 0.10 0.915
Andersen 0.88 0.08 0.21 0.34 0.884 Andersen 1.03 0.03 -0.25 0.09 0.985
IMPROVE 0.96 0.04 -0.05 0.18 0.972 IMPROVE 0.92 0.04 -0.22 0.13 0.966
Philadelphia MetOne 1.02 0.05 -0.21 0.24 0.959 MetOne 1.04 0.05 -0.10 0.13 0.972
URG 1.09 0.06 -0.14 0.27 0.949 URG 1.09 0.04 -0.27 0.11 0.979
VAPS 1.03 0.09 0.04 0.39 0.905 VAPS 0.93 0.03 -0.25 0.08 0,985
Andersen 0.96 0.06 0.15 0.06 0.937 Andersen 0.97 0.05 0.03 0.07 0.958
IMPROVE 0.92 0.08 0.16 0.08 0.903 IMPROVE 0.92 0.07 -0.04 0.10 0.931
RTP MetOne 0.85 0.19 0.27 0.18 0.570 MetOne 1.00 0.07 -0.05 0.10 0.933
URG 1.54 0.11 0.11 0.11 0.926 URG 1.07 0.05 0.07 0.06 0.971
VAPS 1.39 0.22 0.28 0.23 0.792 VAPS 1.17 0.07 -0.05 0.10 0.952

1 Highlighted values are slopes out side the range from 0.8 to 1.2 or R? less than 0.8
Units for Intercept and Standard Error of the Intercept are* = ug/m3; and ** = ng/m3.



Tablell-9. Regression Statistics of FRM (x-axis) versus Speciation Samplers (y-axis) for All Sites, Samplers, and Major Species (cont.)

Organic Carbon* Elemental Carbon*
Site Sampler Slope Sgoir;' Inter cept |Snttder E;t Rz Sampler Slope Sgoig' Inter cept ﬁttder Eer[; R2
Andersen 1.39 015 -1.05 0.92 0.886 Andersen 0.78 0.08 0.30 0.30 0.895
IMPROVE 039 019 176 113 0.289 IMPROVE 023 0.16 1.00 059 0.168
Rubidoux MetOne 108 012 012 073 0.882 Meone 085 0.08 023 029 0.919
URG 1.06 012 -0.72 0.71 0.884 URG 0.82 0.07 046 0.28 0.917
VAPS 176 030 -3.40 177 0.776 VAPS 0.78 0.07 047 027 0.918
|Andersen 113 0.05 0.61 0.39 0.972 Andersen 094 0.10 -0.23 035 0.852
IMPROVE 0.82 0.06 0.10 0.50 0.916 IMPROVE 0.82 0.06 0.02 020 0.927
Phoenix MetOne 103 029 -017 238 0.453 MetOne 0.74 024 031 0.85 0.399
URG 0.79 0.10 0.31 0.82 0.789 URG 091 0.03 011 012 0.977
VAPS 077 0.09 -1.16 0.68 0.852 VAPS 0.89 004 -0.16 012 0.979
| Andersen 099 011 1.22 052 0.833 Andersen 029 023 1.59 0.63 0.096
IMPROVE 0.85 0.06 0.26 0.26 0.936 IMPROVE 0.7 0.05 0.26 0.14 0.934
Philadelphia MetOne 099 013 -0.35 0.60 0.802 MetOne 101 0.12 -043 034 0.827
URG 0.89 0.05 -0.13 023 0.954 URG 0.94 0.05 -0.02 013 0.963
VAPS 0.66 0.06 -0.09 0.27 0.902 VAPS 0.95 0.05 -0.31 0.14 0.960
|Andersen 111 0.07 -0.02 027 0.944 Andersen 0.80 0.05 012 0.10 0.934
IMPROVE 0.88 0.04 -0.28 015 0.975 IMPROVE 0.64 0.05 0.20 0.09 0.916
RTP MetOne 110 0.06 0.06 025 0.960 MetOne 0.87 0.04 0.05 0.06 0.979
URG 095 0.06 -041 0.25 0.936 URG 0.90 0.06 0.10 0.10 0.941
VAPS 092 013 -0.23 053 0.821 VAPS 113 016 022 029 0.819
Sulfur** Silicon**
Andersen 114 004 -47.3 307 0.991 Andersen 103 014 333 237 0.866
IMPROVE 1.08 0.04 -52.6 291 0.989 IMPROVE 1.46 014 -35.9 265 0.913
Rubidoux MetOne 111 0.04 26.3 346 0.985 MetOne 5.61 095 -111 177 0.776
URG 117 0.06 -44.0 62.0 0.986 URG 0.82 015 15.6 306 0.854
VAPS 112 008 22 400 0962 VAPS 750 081 159 111 0924
Andersen 097 0.02 36 7.0 0.993 Andersen 1.08 0.06 275 19.6 0.953
IMPROVE 117 011 -56.0 353 0.888 IMPROVE 1.03 012 50.8 384 0.827
Phoenix MetOne 1.00 007 19.2 230 0.949 MetOne 451 077 775 252 0.708
URG 101 0.02 -10.3 75 0.995 URG 0.76 0.05 59 17.3 0.952
VAPS 085 006 284 187 0.962 VAPS 0.76 2.59 473 707 0.009
Andersen 1.03 0.03 -20.4 411 0.990 Andersen 0.79 0.13 18.3 7.3 0.707
IMPROVE 092 0.08 -19.6 125 0.913 IMPROVE 085 0.16 174 9.6 0.675
Philadelphia IMetOne 108 0.03 20 55.3 0.986 MetOne 2.08 048 22 264 0.576
URG 1.08 0.03 -29.9 523 0.986 URG 0.90 0.15 6.8 85 0.699
VAPS 107 005 -63.8 705 0.982 VAPS 114 015 -1.8 9.1 0.854
Andersen 1.00 0.02 -8.9 277 0.993 Andersen 0.80 0.08 10.9 71 0.887
IMPROVE 101 004 -57.9 460 0.981 IMPROVE 081 010 47 9.2 0.846
RTP MetOne 1.03 0.02 4.2 258 0.995 MetOne 116 0.8 74 17.3 0.757
URG 1.06 0.01 6.6 17.6 0.997 URG 0.69 0.08 17.7 7.8 0.846
VAPS 106 015 -96.5 185 0.853 VAPS 043 046 120 489 0.091

! Highlighted values are slopes out side the range from 0.8 to 1.2 or R lessthan 0.8

Unitsfor Intercept and Standard Error of the Intercept are* = ug/m3 ;and ** = ng/m3.



Tablel1-9. Regression Statistics of FRM (x-axis) versus Speciation Samplers (y-axis) for All Sites, Samplers, and Major Species (cont.).

Calcium** Iron**
Site Sampler Sope Sgﬂli:' Inter cept ﬁ:?qf;t R Sampler Sope Stgni:' Inter cept Iﬁ:’qz; R’
Andersen 0.97 0.15 39.0 26.8 0.831 Andersen 1.22 0.09 2.9 17.5 0.948
IMPROVE 116 017 9.5 325 0.821 IMPROVE 118 013 -50 243 0.898
Rubidoux MetOne 5.40 121 -26.4 229.3 0.667 MetOne 316 0.50 -72.3 96.9 0.800
URG 0.60 0.16 341 332 0.729 URG 0.92 0.06 138 13.2 0.977
VAPS 6.93 0.51 16 69.9 0.964 VAPS 3.62 043 65.1 63.9 0911
Andersen 1.10 0.05 153 6.7 0.966 Andersen 1.04 0.04 24.9 8.7 0.982
IMPROVE 103 012 27.1 150 0834 IMPROVE 1.00 011 34.0 267 0.836
Phoenix MetOne 4.82 0.86 434 1116 0.691 MetOne 273 0.40 12.1 96.7 0.768
URG 0.76 0.04 6.3 5.2 0.973 URG 0.83 0.03 4.1 8.5 0.981
VAPS 0.96 2.83 189 312 0.013 VAPS 095 142 185 303 0.047
Andersen 1.09 0.09 0.6 3.8 0.905 Andersen 1.02 0.05 8.5 6.6 0.964
IMPROVE 1.08 0.09 0.9 3.5 0.925 IMPROVE 101 0.05 3.2 7.0 0.966
Philadelphia MetOne 2.49 0.37 -12.7 16.0 0.761 MetOne 1.48 0.10 -36 135 0.938
URG 0.88 0.07 0.5 3.2 0.902 URG 098 004 2.1 4.8 0.979
VVAPS 1.18 0.06 -5.9 2.6 0.977 VVAPS 1.05 0.08 -17 11.8 0.943
Andersen 103 0.04 -16 2.0 0978 Andersen 093 0.07 1.0 4.2 0927
IMPROVE 112 0.07 62 3.3 0953 IMPROVE 0.96 0.06 -29 3.6 0.954
RTP MetOne 117 0.07 4.0 3.4 0.955 MetOne 1.28 0.08 -14 4.7 0.956
URG 0.92 0.03 -1.8 1.6 0.983 URG 0.90 0.05 -19 3.1 0.963
VAPS 1.10 0.26 101 14.4 0.666 VAPS 0.98 0.20 154 12.3 0.719
Zinc** Potassum**
Andersen 101 010 6.2 9.4 0922 Andersen 1.06 013 5.4 111 0884
IMPROVE 092 011 45 112 0.878 IMPROVE 0.96 0.19 6.3 165 0.718
Rubidoux L MetQne 1.02 0.10 144 9.8 0.919 MetQne 207 0.82 228 70.8 0.391
URG 1.10 0.16 10.0 16.2 0.908 URG 1.20 0.15 -92 14.3 0.924
VAPS 0.59 0.14 14.2 105 0719 VAPS 151 0.87 910 635 0.299
Andersen 0.69 0.08 52 1.7 0.820 Andersen 097 0.02 6.8 33 0.993
IMPROVE 0.65 013 5.1 2.8 0612 IMPROVE 095 011 8.9 17.0 0.827
Phoenix L MetQne 0.99 0.23 8.9 4.8 0.576 MetQne 214 0.30 109 46.7 0.784
URG 0.69 0.10 4.1 2.1 0.825 URG 0.94 0.02 0.2 2.5 0.997
VAPS 0.85 0.29 4.3 4.8 0.495 VAPS 0.66 071 947 97.7 0.088
Andersen 110 0.07 -24 2.7 0.942 Andersen 102 0.04 0.8 2.1 0.982
IMPROVE 1.08 0.08 -39 3.2 0932 IMPROVE 0.89 0.08 6.7 47 0912
Philadelphia MetOne 112 0.06 -2.9 2.3 0.961 MetOne 1.16 0.10 3.8 6.2 0.902
URG 1.13 0.07 -24 2.6 0.949 URG 1.05 0.05 0.4 3.2 0.962
VAPS 119 0.08 -41 3.5 0952 VAPS 117 0.06 -74 4.1 0972
Andersen 0.46 0.15 6.3 3.2 0.390 Andersen 0.98 0.03 -0.2 2.3 0.987
IMPROVE 0.19 0.20 100 41 0.070 IMPROVE 0.96 0.05 -14 4.0 0.964
RTP MetOne 043 0.15 6.1 3.2 0.391 MetOne 104 0.05 4.8 37 0975
URG 0.39 0.15 8.5 3.1 0.352 URG 1.05 0.02 -12 1.9 0.993
VAPS 0.33 0.23 7.9 5.4 0.195 VAPS 1.10 0.06 -02 4.8 0.978

' Highlighted values are slopes out side the range from 0.8 to 1.2 or R lessthan 0.8

Unitsfor Intercept and Standard Error of the Intercept are* = ug/m3; and ** = ng/mg.



Tablel1-10a Results from the Paired T-Tests Between the Andersen and the FRM Samplers for Each Andyte/Site,

SITE PM3s SO, S P-NO;3 NH4 ocC EC Si K Ca Fe Zn

P-valuesfrom the Paired T-tests
(Valueslessthan 0.05 Mean That the Andersen and FRM Samplers Are Statistically Different)

Rubidoux 0.8046 0.9811 0.1878 0.0147 0.0003 0.0003 0.0200 0.0119 0.0443 0.0517 0.0060 0.3403

Phoenix 0.8567 0.0001 0.0992 0.8751 0.0001 0.0001 0.0042 0.0001 0.0521 0.0001 0.0001 0.6960

Philadelphia | 0.2428 0.0028 0.2042 0.1933 0.0004 0.0001 0.5427 0.05%4 0.0509 0.1044 0.0160 0.6290

RTP 0.3181 0.3618 0.2995 0.0043 0.7789 0.0083 0.0070 0.5253 0.2029 0.6908 0.2760 0.3710

Statistical Decision Based on P-values
(*Y” Means That the Andersen and FRM Are Statigtically the Sameand “N” Means They Are Statigtically Different)

Rubidoux Y Y Y N N N N N N Y N Y
Phoenix Y N Y Y N N N N Y N N Y
Philadel phia Y N Y Y N N Y Y Y Y N Y
RTP Y Y Y N Y N N Y Y Y Y Y
Number of the Differences (FRM - Andersen) That Were Postiveltotal Number of Differences Used in T-test!
Rubidoux 9112 7/13 5/13 11/13 13/13 113 2/13 2/11 111 111 111 6/11
Phoenix 8/17 18/18 12/17 16/18 18/18 0/18 14/18 14/18 7117 017 017 7117
Philadelphia 8/17 15/18 8/17 16/18 16/18 /18 12/18 12/18 5/17 3/17 3/17 917
RTP 12/16 11/18 8/16 4/18 6/18 4/17 12/17 12/17 11/16 10/16 9/16 8/16

L Individual data are presented in Appendices G-1 and G-2 as absolute differences and percent differences.
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Table 11-10b. Results from the Paired T-Tests Between the MetOne and the FRM  Samplers for Each Andyte/Site.

SITE PM,5 SO, S P-NO; NH4 ocC EC Si K Ca Fe Zn

P-valuesfrom the Paired T-tests
(Valueslessthan 0.05 Mean That the Met Oneand FRM Samplers Are Statigtically Different)

Rubidoux 0.0121 0.3549 0.0076 0.0572 04718 0.0367 0.1350 0.0036 0.0030 0.0059 0.0035 0.0413

Phoenix 0.0001 0.0001 0.5387 0.0521 0.0002 0.8109 0.0772 0.0001 0.0001 0.0001 0.0001 0.0008

Philadelphia | 0.1022 0.0592 0.0007 0.3036 0.9839 0.8820 0.3125 0.0005 0.0002 0.0067 0.0067 0.5579

RTP 0.0085 0.5417 0.0031 0.1805 0.2622 0.0038 0.0049 0.1007 0.0013 0.0048 0.0048 0.2977

Statistical Decision Based on P-values
(“Y” MeansThat the Met Oneand FRM Are Statistically the Sameand “N’ Means They Are Statistically Different)

Rubidoux N Y N Y Y N Y N N N N N
Phoenix N N Y Y N Y Y N N N N N
Philadelphia Y Y N Y Y Y Y N N N N Y
RTP N Y N Y Y N N Y N N N Y
Number of Differences (FRM - Met One) that Were Positive/total Number of Differences Used in T-test?
Rubidoux 2/12 5/13 012 113 10/13 4/13 8/13 0/12 112 012 v12 v12
Phoenix 0/16 116 2/16 4/16 16/16 5/17 1117 0/16 0/16 0/16 o/17 2/17
Philadel phia 8/16 14/17 0/16 10/17 1117 12/17 13/17 116 116 2/16 116 8/16
RTP 2/15 10/17 3/15 217 10/17 314 12/15 2/15 115 115 115 915

1 Individual data are presented in Appendices G-1 and G-2 as absolute differences and percent differences.
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Table 11-10c. Results from the Paired T-Tests Between the IMPROVE and the FRM Samplers for Each Andyte/Site

SITE PM;5 SO, S P-NO; NH4 ocC EC Si K Ca Fe Zn

P-valuesfrom the Paired T-tests
(Valueslessthan 0.05 Mean That theIMPROVE and FRM Samplers Are Statigtically Different)

Rubidoux 0.8006 0.0850 0.3672 0.1839 0.0016 0.0034 0.0074 0.0714 0.3461 0.0743 0.2084 04717

Phoenix 0.0011 0.0855 0.6851 0.0017 0.0001 0.0001 0.0001 0.0041 0.7233 0.0004 0.0104 0.4664

Philadelphia 0.7233 0.0300 0.0567 0.0378 0.0001 0.0015 0.0034 0.0655 0.0655 0.0997 0.2654 0.5416

RTP 0.0326 0.0440 0.8762 0.0957 0.0041 0.0001 0.0025 0.1696 0.1696 0.3837 0.0135 0.4598

Statigtical Decision Based on P-values
(“Y” MeansThat the IMPROVE and FRM Are Statigtically the Sameand “N” Means That They Are Statigtically Different)

Rubidoux Y Y Y Y N N N Y Y Y Y Y
Phoenix N Y Y N N N N N Y N N Y
Philadelphia Y N Y N N N N Y Y Y Y Y
RTP N N Y Y N N N Y Y Y N Y
Number of Differences (FRM - IMPROVE) that Wer e Positiveltotal Number of Differences Used in T-tet
Rubidoux 8/12 1113 10/12 10/13 12/13 1113 13/13 2/12 4/12 112 112 8/12
Phoenix 15/17 1115 12/17 17/18 18/18 17/18 18/18 3/17 7117 2/17 2/17 10/17
Philadel phia 7/16 14/18 15/15 13/18 18/18 14/18 15/18 5115 7/15 7115 7115 914
RTP 1115 12/15 1115 4/15 13/15 15/16 14/16 9/15 12/15 12/15 1115 915

1 Individual data are presented in Appendices G-1 and G-2 as absolute differences and percent differences.
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Table11-10d. Results from the Paired T-Tests Between the URG and the FRM Samplers for Each Anayte/Site.

SITE PM;5 SO, S P-NO; NH4 ocC EC Si K Ca Fe Zn

P-valuesfrom the Paired T-tests
(Valueslessthan 0.05 Mean That the URG and FRM Samplers Are Statigtically Different)

Rubidoux 0.0126 0.2518 0.1252 0.0285 0.0039 0.1228 0.3385 03121 0.2054 0.2852 0.9188 0.2359

Phoenix 0.1028 0.4804 0.0312 0.0001 0.01%4 0.0001 0.0023 0.0004 0.0003 0.0007 0.0005 0.1797

Philadelphia 0.0849 0.0306 0.0058 0.1530 0.7010 0.0001 0.0097 0.6142 0.0235 0.0%41 0.9746 0.3195

RTP 0.0035 04797 0.0001 0.0001 0.0001 0.0001 0.2117 0.4226 0.1004 0.0059 0.0007 0.5242

Statigtical Decision Based on P-values
(“Y” MeansThat the URG and FRM Are Statigtically the Sameand “N” Means They Are Statistically Different)

Rubidoux N Y Y N N Y Y Y Y Y Y Y
Phoenix Y Y N N N N N N N N N Y
Philadelphia Y N N Y Y N N Y N Y Y Y
RTP N Y N N N N Y Y Y N N Y
Number of Differences (FRM - URG) that Wer e Positive/total Number of Differences Used in T-test!
Rubidoux 0/7 3/13 0/7 19 113 9/13 9/13 317 U7 517 6/7 2/7
Phoenix 913 11/18 10/13 0/15 13/18 15/18 14/18 13/13 12/13 13/13 12/13 8/13
Philadel phia 7/16 12/18 2117 7117 11/18 18/18 12/18 717 417 13/17 917 6/17
RTP 3/15 7/18 014 o017 /18 15/17 10/17 6/15 4/15 12/15 13/15 3/15

1 Individual data are presented in Appendices G-1 and G-2 as absolute differences and percent differences.
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Table 11-10e. Results from the Paired T-Tests Between the VAPS and the FRM Samplersfor Each Andyte/Site.

SITE PM;5 SO, S P-NO; NH4 ocC EC Si K Ca Fe Zn

P-valuesfrom the Paired T-tests
(Valueslessthan 0.05 Mean That the VAPS and FRM Samplers Are Statistically Different)

Rubidoux 0.0017 0.0317 0.0646 0.0558 0.1426 0.3898 0.1948 0.0022 0.0009 0.2852 0.0005 0.5488

Phoenix 0.1079 0.0283 0.3578 0.0004 0.2232 0.0001 0.0001 0.1281 0.1685 0.1297 0.1180 0.2688

Philadelphia 0.0029 0.0001 0.2833 0.3888 0.0001 0.0001 0.0001 0.2766 0.1892 0.7160 0.5425 0.3816

RTP 0.0003 0.4910 0.7570 0.0021 0.0063 0.0330 0.7603 0.0438 0.02901 0.1869 0.0526 0.4045

Statigtical Decision Based on P-values
(“Y” MeansThat theVAPS and FRM Are Statistically the Sameand “N' Means That They Are Statistically Different)

Rubidoux N N Y Y Y Y Y N N N N Y
Phoenix Y N Y N Y N N Y Y Y Y Y
Philadelphia N N Y Y N N N Y Y Y Y Y
RTP N Y Y N N N Y N N Y Y Y
Number of Differences (VAPSand FRM) that Wer e Positiveltotal Number of Differences Used in T-test?
Rubidoux 0/9 113 1/9 v 10/13 5/12 7112 0/9 0/9 0/9 0/9 2/8
Phoenix 311 15/15 7/11 V12 1115 15/15 15/15 011 011 011 011 6/13
Philadel phia 113 17/17 7112 6/16 17/17 16/17 16/17 5/12 5112 6/12 4/12 8/12
RTP 011 8/15 3/10 0/13 2/15 913 9/13 11 v 411 311 6/11

1 Individual data are presented in Appendices G-1 and G-2 as absolute differences and percent differences.
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Tablell-11. Resultsfrom the ANOVA for Examining Equivalency Among the Samplersfor Particle Nitrate.

Sampler Means (ug/n?) and Number of Vaues (X) Used to Compile

SITE Each Mean Satisticaly Equivaent Samplers
Andersen IMPROVE MetOne URG
Rubidoux 10.0 (14) 10.5 (14) 11.7 (14) 16 (9) (Andersen, IMPROVE)
_ Andersen, IMPROVE);
Phoenix 3.1(18) 2.5(18) 3.4 (16) 4.3 (15) (Andersen, Met One)
. , (Andersen, IMPROVE, Met One);
Philadephia 3.5(18) 3.6 (18) 3.6 (17) 4.0 (18) (IMPROVE, Met One, URG)
(Andersen, IMPROVE, Met One);
RTP 0.86 (18) 0.88 (15) 0.96 (17) 1.3(17) (Met One, URG)
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Tablell-12a.  Nitrate Concentrations (ug/n) Measured on Teflon (T) or Quartz-Fiber (Q) Filters by
Sampler Type Averaged Over the Study Period .

Site AND-T MetOne-T FRM-Q URG-Q VAPS-Q
Rubidoux 10.4 10.7 11.8 11.4 11.7
Phoenix 1.6 2.4 3.1 2.8 25
Philadelphia 3.3 3.2 3.8 3.6 3.1
RTP 0.4 0.4 0.7 0.7 0.8

Tablell-12b. Totd Particle Nitrate Concentrations (ug/m?®) Measured by Each Sampler Averaged

Over the Study Period.

Site AND | MetOne URG VAPS IMP FRM
Sampling ' (MgO/N) (M gO/N) (Q+ INqZCOJN) (Q+ INqZCOJN) (NagpoglN Q)
Configuration* | (direct) | (direct) (indirect) (indirect) )(direct)
Rubidoux 10.0 11.7 12.7 12.8 10.5 11.8
Phoenix 3.0 34 4.3 3.9 2.5 31
Philadelphia 35 3.6 4.0 39 3.6 3.8
RTP 0.86 0.89 1.3 14 0.9 0.7

MgO/N = The direct method for particle nitrate -- MgO coated denuder followed by anylon filter, total nitrate

is measured on the nylon filter; the indirect method for particle nitrate -- Na/Q/N = Na,CO, coated denuder with
total particulate nitrate equal to the sum of nitrate measured on the Quartz-fiber filter, also used for OC/EC
analysis, plus nitrate measured on the nylon filter behind the Na,CO, coated denuder; Na/Q/N / MgOIN = ratio

of two methods. Also see Figures|-1to I-5.
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Tablell-12c. Volatilized Nitrate Concentrations (ug/m?) Measured by Each Sampler Averaged Over

the Study Period.

Site AND MetOne URG VAPS IMP
Sampling (MgOIN) | (MgO/N) | (Q+ Na&CO4/N) | (Q+ NaCO4/N) | (NaCO4/N)
Configuration (indirect) | (indirect) (direct) (dlirect) (indirect)
Rubidoux -0.36 1.01 0.99 0.64 0.12
Phoenix 1.46 1.14 1.57 141 0.87
Philadelphia 0.22 0.41 0.37 0.78 0.26
RTP 0.48 0.48 0.56 0.58 0.47

* MgO/N = The indirect method to measure volatilized nitrate -- MgO coated denuder followed by anylon filter,
volatilized nitrate is the difference between the nitrate on the nylon filter minus that on the Teflon filter
collected in parallel; The direct method to measure volatilized nitrate -- Na/Q/N = Na,CO, coated denuder with
particul ate nitrate equal to the sum of nitrate measured on the Quartz-fiber filter, also used for OC/EC analysis,
plus nitrate measured on the nylon filter behind the Na,CO, coated denuder and volatilized nitrate is measured
directly on the nylon back-up filter; Na/Q/N / MgO/N = ratio of two methods. Also see Figures|-1tol-5.

Tablell-12d. Sulfate Concentrations (ug/m?®) Measured on Teflon (T) and Quartz-Fiber (Q) Filters

Averaged Over the Study Period.
Site AND-T | MET-T | FRM-Q | URG-Q | VAPSQ | FRM-Q
Rubidoux 16 17 17 1.7 18 15
Phoenix 0.8 10 0.9 0.8 0.8 0.8
Philadelphia 3.8 4.1 4.1 4.0 34 3.8
RTP 3.3 3.3 3.3 3.3 3.2 3.2
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Tablell-13a.  Nitrate Concentrations (ug/m?) Measured on Teflon 